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Abstract

HIRA is one of the chaperones of histone variant H3.3. Deficiency of HIRA or its
homologues in S. cerevisiae, S. pombe, Drosophila and chicken has been associated
with both activating and repressing effects on euchromatic gene transcription, with
gene silencing defects in pericentromeric heterochromatin and with mitotic defects
including an extension of cell cycle length. At the organism level, homozygous Hira
knockout is embryonically lethal in mice.

Several previously established mouse strains have a transgene inserted into a variety
of genomic locations including regions of putative facultative heterochromatin and
constitutive (pericentromeric) heterochromatin where it displays position effect
variegation (PEV) in that the transgene is stochastically silenced in a proportion of T
cells. The effects of HIRA deficiency on PEV of this transgene showed that HIRA
was necessary for PEV in putative facultative heterochromatin and it appeared that, in
this environment, it played a role both in the rate of establishment (during T cell
development) and in the maintenance of PEV (in mature T cells). This was in contrast
to its effect in constitutive (pericentromeric) heterochromatin where Hira knockout in
vivo had no effect on the variegation of a transgene. On the other hand, the reduction
in variegation usually induced by T cell activation was lessened by HIRA deficiency
in another mouse strain where the transgene was located in close proximity to
pericentromeric heterochromatin.
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The contribution of HIRA to the extent of expression changes in facultative
heterochromatin was consistent with delays observed in the normal transcriptional
changes of some genes during the differentiation of HIRA deficient murine ES cells.

In common with S. pombe and chicken, cell cycle delay in G2/M was seen in HIRA
deficient murine cell lines. This is believed to be the first observation of this effect in
mammalian cells suggesting evolutionary conservation of this function.
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CHAPTER 1

BACKGROUND

1.1 CHROMATIN
Genes are contained within the sequence of the genomic DNA which itself is wrapped
around nucleosomes stabilised by the presence of H1 linker histones as shown in
Figure 1. This structure is known as chromatin.

Figure 1 Nucleosome structure
146 base pairs of DNA are wrapped twice around the nucleosome consisting of a histone octamer with
histone H1 binding the DNA at its “entry” and “exit” points (taken from www.accessexcellence.org)
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Each nucleosome consists of an octamer assembled from two molecules each of
histone H2A, H2B, H3 and H4 as shown in Figure 2.

Figure 2 Nucleosome assembly (taken from (Alberts, 2002))
Nucleosome assembly involves the formation of dimers consisting of both a histone H3 molecule and a
histone H4 molecule. Two of these heterodimers in turn associate to form an H3-H4 tetramer.
Heterodimers are also formed from a histone H2A molecule and a histone H2B molecule. Two of these
H2A-H2B heterodimers associate with the H3-H4 tetramer to form the core nucleosome.

The nucleosomes can show enormous variety both because of the number of histone
variants (see Table 1) and because the histone tails have a number of different amino
acid residues which are capable of being chemically modified by nuclear enzymes.

CANONICAL

MAMMALIAN

REFERENCE

HISTONES

VARIANTS

H1

9

(Sancho et al., 2008)

H2A

9

(Bonenfant et al., 2006)

H2B

11

(Bonenfant et al., 2006)

H3

5

(Hake and Allis, 2006)

H4

1 (but 2 in plants)

(Wu et al., 2009a)

Table 1 Observed mammalian variants of canonical histones
The number of identified histone variants has increased as a result of a number of recent mass
spectrometry studies.
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The number of such modifications (examples are shown in Figure 3) is increased by
the fact that lysine residues may be mono-, di- or tri-methylated while arginine
residues may be mono- or di-methylated. This plethora of modifications, in turn,
enables a very large number of permutations of modifications of the histone tails in an
individual nucleosome.

Figure 3 Histone tail post-translational modifications.
This graphic shows residues in the tails of nucleosome-component histones and some of the covalent
modifications which may occur such as methylation (Me), acetylation (Ac), phosphorylation (P) and
ubiquitination(Ub) (taken from (Peterson and Laniel, 2004)).

The net effect of this diversity is to provide a complex framework for assembly of
protein complexes which, in turn, can confer wide potential variability in accessibility
to the DNA. These interactions may collectively modify the chromatin structure along
a dimension classified at one extreme as “euchromatin” (whose structure is thought to
be relatively open) and at the other extreme as “heterochromatin” (whose structure is
thought to be relatively closed and packaged more densely) (Higgs, 1998). The degree
of openness is strongly correlated with gene transcription (Wu, 1980).
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In turn, heterochromatin may be classed as either facultative heterochromatin or
constitutive heterochromatin (Natarajan and Schmid, 1971). The latter is mainly
genetically inactive and densely packaged, the DNA content is largely repetitive and it
is predominantly located around the centromeres. By contrast, facultative
heterochromatin may, at different stages in development, be genetically inactive and
condensed and at other stages be genetically active and open. Its DNA content
frequently is non-repetitive and its location is often remote from centromeres.
One other difference between the two types of heterochromatin is that the histone
variant H2A.Z in mice is excluded from constitutive heterochromatin but is found in
both facultative heterochromatin and euchromatin. However, only in mammalian
facultative heterochromatin is a proportion of the H2A.Z monoubiquitylated
(Sarcinella et al., 2007). The enzyme responsible for this monoubiquitylation is
RING1b E3 ligase which itself is a part of the polycomb repressive complex 1
(PRC1). This complex is recruited to sites by the action of a methyltransferase known
as EZH2, part of the polycomb repressive complex 2 (PRC2) which generates the
repressive H3K27me3 mark found in facultative heterochromatin – for a review, see
(Schuettengruber et al., 2007).
The H3K27me3 mark is important as many of the PRC targets in ES cells also carry
the active H3K4me3 mark and these “bivalent” genes have lower expression than
those marked by H3K4me3 only and are developmentally regulated in terms of their
expression status (Azuara et al., 2006). The proportions of genes carrying the various
possible combinations of H3K27me3 and H3K4me3 marks are shown in Figure 4.
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Figure 4 The majority of genes carrying the repressiveH3K27me3 mark in human ES cells are
bivalent
The above “pie chart” shows the percentage of genes in human ES cells carrying the active mark
H3K4me3 only, the repressive mark H3K27me3 only, both marks and neither mark – taken from
(Pietersen and van Lohuizen, 2008).

1.2

POSITION EFFECT VARIEGATION (PEV)

It has long been known that genes translocated to a new chromosomal position and a
different chromatin environment may show a very different transcriptional pattern to
that observed in their usual location (Muller, 1930). This effect is also seen with
transgenes randomly inserted into a host genome which may show a substantial range
in transcriptional rates depending upon the precise insertion location. These position
effects have been categorised (Martin and Whitelaw, 1996) as:1) Stable position effects where there is a broadly constant level of reduced
expression in all cells of a particular lineage
2) Variegating position effects where there is a reduction in the percentage of
expressing cells
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If two cell populations are compared only at the population level, it will not be clear
whether a reported change in transcription levels is due to a stable position effect, a
variegating position effect or some combination of the two. It is only when expression
variation at the individual cell/clone level is examined that variegating position effects
can be unambiguously identified.
Evidence is accumulating of the extent to which the phenomenology of PEV and its
molecular determinants have been evolutionarily conserved. Thus SU(VAR)3-9 has
been shown to be involved in gene silencing through mechanisms which are
conserved in S. pombe, Drosophila and mammals (Schotta et al., 2003b).
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1.2.1 PEV IN MAMMALS AS AN EPIGENETIC TRAIT

Work in mammals has confirmed the existence of variegating position effects where,
within any one lineage of cells, transcription may not be uniform for each cell but
rather there may be a stable stochastic distribution of expression rates including some
cells where transcription remains fully repressed and others where it remains fully
enabled (Festenstein et al., 1996). Despite this variety at the level of the individual
cell, the cell population may show remarkable stability over many generations in the
expression profile (Alami et al., 2000). This stable inheritance pattern qualifies many
PEV examples as epigenetic traits i.e. a characteristic which may be inherited from
one cell generation to another without underlying differences in the DNA sequence
(Russo et al., 1996). Specifically, epigenetic traits may result from activation,
silencing or alternative splicing of certain genes in specific cell lineages.

1.2.2 THE EFFECT OF LOCUS CONTROL REGIONS ON PEV
The effect of the site of genomic integration on the expression of transgenes even
where these included known regulatory elements such as promoters and enhancers
(Blackwood and Kadonaga, 1998) encouraged the search for other cis-regulatory
elements. This led to the identification of a regulatory region for the human β-globin
gene including the nucleotides from 50 kbp on the 5' side of the gene to 30 kbp on the
3' side of the gene whose integration into the mouse genome did not result in
expression levels which were dependent on the site of integration (Grosveld et al.,
1987). This wider regulatory region included DNAse I hypersensitive sites (HSS)
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which are a feature of other Locus Control Regions (LCR). The part of the LCR
required for position independent expression has subsequently been narrowed down to
a smaller region located between 6kb and 22kb on the 5' side of the embryonic globin
gene – for a review, see (Li et al., 2002).

Nevertheless, there have been conflicting findings on the efficacy of LCRs in
overcoming PEV. One report established that an hCD2 minigene attached to its full
locus control region did not undergo PEV even when integrated into the mouse
genome at a centromeric site while truncation of the 3' LCR led to the hCD2 minigene
displaying variegating expression when integrated centromerically. It was also shown
that LCRs are associated with an open chromatin structure (Festenstein et al., 1996).

However, another report (Alami et al., 2000) showed that a 150 kbp yeast artificial
chromosome (YAC) human β-globin transgene incorporating a full LCR will show
variegation even when integrated at a non-pericentromeric location. The authors
argued that the principal effect of the LCR in this case was in providing
transcriptional enhancement and not on the nature of the local chromatin structure.

Interpretation of the differences between these studies is complicated by the fact that
the integrated transgene in the Alami study included flanking yeast sequences
(Gaensler et al., 1993) and it is possible that these played some part in the transgene
variegation through nucleation of heterochromatinisation (Fourel et al., 2002). On the
other hand, it is also possible that the smaller LCR construct used in the first study is
itself subject to other, as yet unknown, regulatory elements in the larger construct.
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In this respect, the identification of insulators and their role in limiting the spread of
heterochromatinisation and hence providing a barrier to PEV demonstrates the variety
of mechanisms that influence PEV – see (Gaszner and Felsenfeld, 2006) for a review.
It has also stimulated interest in the evolutionary conservation of such elements
through developments such as the CONDOR database which is a library of
evolutionarily conserved non-coding sequences which may play a regulatory role
(Woolfe et al., 2007).

1.2.3 A MURINE PEV MODEL
As described in 1.2.2, an hCD2 minigene will display variegation in the mouse
genome if its LCR is mutated. The full hCD2 minigene is composed of hCD2 cDNA
together with the first intron and flanking regulatory regions including a tissue
specific T cell promoter. The 3' regulatory region contains an LCR with three
hypersensitive sites which are designated (5' to 3') as HSS1, HSS2 and HSS3.
Deletion of HSS3 renders the integrated transgene subject to position effect
variegation (Festenstein et al., 1996).

A variety of strains have been developed with different positions of transgene
insertion relative to pericentromeric heterochromatin as shown in Figure 5.
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Figure 5 Schematic representation showing insertion point of transgene relative to
pericentromeric heterochromatin in 1.3A, Igf2(A.1), 1.3A14 and 1.3B mouse strains

These display the expected variegation when integration occurs in a pericentromeric
location (e.g. 1.3B strain) or close to pericentromeric heterochromatin (e.g.1.3A14
strain). However, in the 1.3A strain, the transgene variegates even though it is
integrated at a location remote from the pericentromere (Festenstein et al., 1999) as
shown in Figure 6.
While it is unusual for minigenes integrated at a non-pericentromeric location to
display variegation, it is the norm for another series of mice strains where the hCD2
minigene is linked to a repetitive sequence from the mouse Igf2 locus. An example is
the Igf2(A.1) strain whose integration site is also shown in Figure 6.
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a

b

Figure 6 FISH images of chromosome spreads from a) 1.3A and b) Igf2(A.1) mice showing the
separation between the hCD2 transgene (in red – as arrowed in a) and the centromere (in black –
as arrowed in b) – taken from (Festenstein et al., 1999) and Uribe Lewis, 2006 PhD thesis,
University of London)

All these strains generate hCD2 mRNA and display the 50 kDa hCD2 glycoprotein as
a cell surface maker on T cells which can be detected by fluorophore-conjugated
antibodies and fluorescence-activated cell sorting (FACS). Further details are given in
Materials and Methods. It has been demonstrated that the fluorescence detected by
FACS is directly correlated with the steady state cellular levels of hCD2 mRNA
(Saveliev et al., 2003).
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1.3 ESTABLISHMENT AND MAINTENANCE OF PEV IN T
CELLS
A transgene may not be expressed in all tissues at all stages of development especially
if, as in the case of the hCD2 variegating transgene strains, it is under the control of a
tissue-specific promoter. For example, the mouse strain 1.3A, described in 1.2.3
expresses the human CD2 minigene in T cells.

The T cells are derived (as are B cells) from lymphoid haematopoietic stem cells in
the bone marrow. The earliest thymic progenitors migrate from here to the thymus
which provides the environment for T cell differentiation and selection. The cells
initially undergo rearrangement of V, D, J and C region genes which is required to
provide the extensive diversity of T cell receptors in mature T cells. The most
immature T cells do not display TCRα and TCRβ heterodimers (T cell receptor) on
their surface (von Boehmer, 1992).

The thymocytes undergo both positive and negative selection in the thymus. This is
achieved by the interaction between antigen presenting cells (APCs) and the
developing thymocytes at different thymic locations. In the positive selection step, the
thymocytes come into contact with cortical epithelial cells carrying a major
histocompatibility (MHC) protein bearing a “self” antigen fragment. If the T cell
receptor does not interact with the MHC, the T cells do not receive a “survival signal”
and are deleted by apoptosis. The positively selected T cells migrate within the
thymus and come into contact with antigen presenting cells which also carry the MHC
protein/self-antigen. On this occasion, those T cells that react strongly with the
complex (because they recognise the self-antigen) receive an apoptotic signal and are
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deleted. The net result is that only T cells which will interact weakly with the MHC
presenting self-antigens are released into the periphery (Ashton-Rickardt et al., 1994).
Most thymocytes, however, are not positively selected and die by neglect.

During this process, thymocytes start by expressing neither CD4 nor CD8 on their cell
surface (“double negatives”). As they mature in the thymus, they express both CD4
and CD8 (“double positives”). As they mature further, they become “single positives”
expressing either CD4 only (as generally happens to double positives that are
positively selected on MHC Class II molecules) or CD8 only (as generally happens to
double positives that are positively selected on MHC Class I molecules) – see
(Rothenberg and Taghon, 2005) for a review.

Other cell surface markers are also displayed at various stages in T cell development
as shown in Figure 7. Interestingly, the DN1 cells shown still retain the potential to
become either dendritic cells or natural killer cells and full commitment to the T cell
lineage only occurs at the DN3 stage (Bell and Bhandoola, 2008).

Figure 7 Cell surface marker expression at various stages of T cell development
This figure shows the developmental progression of T cells through various immature double negative
stages (DN), the immature single positive stage (ISP), the double positive stage (DP) and finally the
mature single positive T cells (CD4 and CD8). The various cell surface markers are shown with an
arbitrary expression scale from negative (-) through low to highly expressed (+++) – adapted from
(Ceredig and Rolink, 2002)

28

The mature “single positive” thymocytes then migrate via the blood to lymphoid
tissues including the peripheral lymph nodes. Here the naïve T cells are stimulated by
specialised antigen-presenting cells known as dendritic cells resulting in their further
development into mature effector T cells.
In most hCD2 variegating strains, the variegation profile is relatively stable during T
cell development. This is not so for the 1.3A strain where the expression pattern of the
non-pericentromeric transgene changes in a systematic way during the maturation of
T cells. As can be seen from Figure 8, the proportion of hCD2+ cells is markedly
higher in CD4+ cells from the mesenteric lymph nodes compared to that seen in CD4+
cells in the thymus of the same mouse.

Figure 8 hCD2 expression in 1.3A CD4+ TCRβ+ T cells in thymus and mesenteric lymph nodes
Thymus and mesenteric lymph nodes were dissected from the same mouse. T cells were extracted from
these and antibody stained for FACS analysis. The FACS plot above shows that expression of the nonpericentromeric hCD2 transgene in thymus (purple solid plot) is largely silenced but, after migration to
the mesenteric lymph nodes, a significantly larger proportion of these cells are expressing hCD2 (green
line plot).
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Since the hCD2 minigene is integrated remotely from the centromere (see Figure 6), it
is not under the influence of constitutive heterochromatin. However, it has been
suggested that the point of insertion coincides with a region of facultative
heterochromatin in immature T cells (Festenstein et al., 1999) which becomes
genetically active as T cells mature.

Thus, a full explanation of PEV would therefore require both an understanding of the
process of establishment of the PEV pattern (perhaps in a number of stages) and the
process of maintenance of the mature PEV pattern. While it is possible that the same
mechanisms are important in both, it is also possible that different mechanisms are
more or less important in the two situations. In turn, an understanding of these
mechanisms is also likely to generate important insights into in vivo mechanisms of
epigenetic memory.
A comparison of hCD2+ cells and hCD2- cells from the same mouse show clear differences

in histone modifications in the vicinity of the hCD2 transgene promoter with the
former being much more likely to carry “active” post-translational modifications such
as H3K4me3 while the latter are associated with “repressive” marks such as
H3K9me3 (Hiragami-Hamada et al., 2009)
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1.4 INSTABILITY OF PEV IN T CELLS
While the mature PEV pattern may remain stable over time, this does not mean that it
will do so in all circumstances. For example, non-proliferating T cells in a mouse will
show stability over time in expression of an hCD2 transgene both at the population
level and at the level of the individual cell. T cells in the periphery will generally
remain in this state until an antigen-presenting cell (APC) bearing a MHC
protein/antigen fragment interacts with the T cell receptor. If the T cell receptor
(composed of TCRα and TCRβ peptides) binds to the antigen fragment and the CD28
molecule expressed on the surface of the T cell binds with appropriate ligands on the
surface of the APC, this leads to activation of a number of downstream signal
transducers. The end result is both major transcriptional upregulation within and
proliferation of the T cell (Smith-Garvin et al., 2009).

These same pathways can be artificially activated if T cells are exposed to a surface
impregnated with antibodies to both TCRβ and CD28 (see Materials and Methods for
further details). In response, the T cells begin to proliferate and, as they do so, the
profile of hCD2 expression also changes. This is illustrated in Figure 9 where a
population of T cells sorted to contain only hCD2 non-expressing cells remains nonexpressing if not activated. However, activation leads to a substantial percentage of
the cells becoming hCD2 expressing.
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Figure 9 A change in hCD2 expression in T cells from variegating 1.3A14 (transgene proximal to
pericentromeric heterochromatin) mouse strain results from T cell activation
The FACS plot on the left shows a variegating population of T cells (green line) sorted so as to retain
only hCD2 non-expressing cells (black line) which could be compared with T cells from a nontransgenic mouse (red line). This population of sorted cells was then split in two with one half activated
(top right hand FACS plot) and the other maintained as resting T cells (bottom right hand FACS plot)
over 3 days. The FACS plots on the right show the original hCD2 fluorescence profile (red line) and
the hCD2 fluorescence profile after 3 days (black line). The numbers in the plots show the percentage
of hCD2 expressing cells in each sub-population – adapted from (Hiragami-Hamada et al., 2009)

Furthermore, the hCD2 expression profile may be altered without T cell activation by
the expression of other genes. For example, crossing a mouse strain bearing an hCD2
transgene with another strain bearing an M31 (also known as heterochromatin protein
1 beta or HP1β) transgene will produce some littermates which carry the hCD2
transgene alone and others which carry both the hCD2 transgene and the HP1
transgene. Given that the F1 littermates are otherwise genetically identical, the
presence of the HP1β transgene has a clear effect on the pattern of hCD2 expression
(see Figure 10). This experiment demonstrated evolutionary conservation of a
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classical PEV modifier reported in Drosophila (James and Elgin, 1986) and S. pombe
(Lorentz et al., 1994).

Figure 10 Consequences for variegation of hCD2 transgene arising from presence of M31.1
transgene
Of the two FACS plots in this figure, the left hand one shows the variegation profile of the hCD2
transgene from a heterozygous 1.3B (pericentromeric transgene) mouse. The right hand plot shows that
the variegation of the hCD2 transgene in the 1.3B mouse strain was substantially increased in
littermates which were also heterozygous for the M31.1 transgene. As the table below the FACS plots
shows, the presence of the M31.1 transgene (which increased HP1β levels by 40%) reduced the
percentage of hCD2 expressing T cells by one third - adapted from (Festenstein et al., 1999)
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1.5 PEV MODIFIERS
Those genes whose expression levels change the expression profile of a gene
displaying PEV are known as PEV modifiers. An early paper (Locke et al., 1988)
identified two classes of such modifiers in Drosophila depending on the directional
impact on PEV. Class I modifier genes enhance variegation (i.e. reduce expression)
when overexpressed and reduce variegation when expression is diminished. Class II
modifiers have the opposite directional impact i.e. an increase in their expression
reduces variegation and vice versa. It was suggested that the difference arose because
class I modifiers were structural components of heterochromatin such that their
absence “weakened” the structure of heterochromatin whereas class II modifiers could
act by one of the following means:1) Inhibit the ability of class I modifiers to generate the heterochromatin structure
2) Bind to chromatin at a number of hypothetical sites where its presence would
act as a barrier to the spread of heterochromatin
3) Promote the formation of euchromatin

However, this interpretation was challenged (Sass and Henikoff, 1998) by analysis of
the effect of these classes of modifiers on different types of PEV mutation. The latter
were classified as either “classical” such as those arising from chromosomal
inversions and “non-classical” where a transgene is inserted into heterochromatin or
heterochromatin is inserted into the coding region of a gene which both generates a
knockout for that allele and by bringing the homologue into the vicinity of
heterochromatin results in the variegation of the homologue.

34

It was shown that classical PEV mutations were sensitive to both class I and class II
modifiers but non-classical PEV mutations showed sensitivity only to class I
modifiers. It was suggested that there are two different elements involved in
modulating reporter gene expression. One element would be the factors contributing
to heterochromatinisation in the vicinity of the reporter gene and the other would be
the factors contributing to the formation and progression of the transcriptional
complex along the reporter gene. If class I modifiers affect the former and class II
modifiers affect the latter, it was argued that classical PEV would be affected by both
since the expression of such genes involves a balance in the competition between the
two. On the other hand, non-classical PEV mutations were suggested to be those
where the influence of heterochromatinisation was so dominant in determining the
outcome that variations in the factors contributing to transcriptional complex
formation and progression might be too marginal to generate a measurable phenotypic
effect.

Thus, they recommended that, in identifying those proteins involved in packaging
heterochromatin, it was necessary to identify modifiers that acted on both classical
and non-classical PEV mutations. By extension, those modifiers that act on the former
but not the latter are likely to be proteins that are simply affecting reporter gene
expression. Nevertheless, both elements can be important in epigenetic silencing.

In compiling a comprehensive list of modifiers, it is important to recognise the
distinction between those proteins that have a role only in establishment of epigenetic
states and those that have a role in ongoing maintenance. A deficiency of the latter
proteins would be expected to modify an established epigenetic state whereas a
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deficiency of the former may not affect an established epigenetic state if it is not
involved in maintenance.

A good example of this is the study by (Poleshko et al.) which used a cell line with a
silenced GFP reporter gene and knockdown of individual target proteins predicted to
contribute to gene silencing. Those which relieved the silencing were regarded as
confirmed as part of a gene silencing network. Many did not pass this test including
the histone chaperone molecule, HIRA, which some of the authors had already
demonstrated was important in a specific gene silencing pathway in the formation of
senescence associated heterochromatic foci (Zhang et al., 2005).
Indeed, HIRA has been definitively shown to act as a modifier of PEV only in
Drosophila where a Hira mutation led to an increase in variegation of a specific gene
(Nakayama et al., 2007). However, it is possible that some of the other studies cited in
section 1.9 which have demonstrated an effect of HIRA deficiency on gene
transcription may not be associated with a uniform transcriptional impact across the
cell population but rather with a variegating impact which has not been identified as
such.
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1.6 STRUCTURE OF HIRA
HIRA is a large protein which has been highly conserved across species (Kirov et al.,
1998). It is stable with a half-life of approximately 12 hours (De Lucia et al., 2001). In
mice, Ensembl reports two isoforms of 1015 and 453 amino acid residues
respectively. The transcript for the former includes exons 1 to 25 whereas the
transcript for the latter includes part of exon 2, all of exons 3-12 inclusive and part of
exon 25. The larger isoform is more ubiquitously expressed and is a 112kDa protein
with 7 WD repeats in its N-terminal half and an LXXLL motif in its C-terminal half.
WD repeat proteins are so called because the core repeat structure consists of a
sequence ending in tryptophan (W) and aspartate (D) residues as shown in Figure 11.

Figure 11 Structure of WD repeat
The WD repeat consists of an initial variable length number of amino acid residues followed by a
sequence of amino acid residues which is of a fixed length for that protein flanked by glycine-histidine
(GH) dipeptide and a tryptophan-aspartate (WD) dipeptide (Neer et al., 1994)

WD repeat proteins are not found in prokaryotes but occur in eukaryotes and are
believed to provide a “scaffold” enabling many different proteins to be brought into
intimate interactions with each other by binding of individual proteins to the sequence
of a specific repeat (Neer et al., 1994).

This scaffold is enabled by the β-propeller structure (see Figure 12) into which the
protein folds.
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Figure 12 β propeller structure of protein with 7 WD repeats
Each repeat forms an anti-parallel β sheet with the organisation of the repeats around an axis of
pseudosymmetry resembling a seven bladed propeller – taken from (Murzin, 1992). The structure can
be viewed as a short open cylinder where the repeats collectively form the walls of the cylinder.

Proteins with WD repeats are found widely in eukaryotes and show strong
evolutionary conservation. For example, Arabidopsis is reported to have 237 WD
repeat proteins organised into 143 families and 113 of these families show clear
homology with protein families from budding yeast, fruit fly and human (van Nocker
and Ludwig, 2003).
LXXLL motifs (where L signifies a leucine residue and X any other amino acid
residue) are a feature of co-activators of nuclear receptors. Nuclear receptors act as
transcription factors by binding to the promoters of their target genes and their effect
on transcriptional activity is modified by binding to them of coactivators and
corepressors. The LXXLL motif enables the binding of many coactivators to their
target nuclear receptor (Savkur and Burris, 2004).
In chicken DT40 cells, the WD motifs of HIRA have been shown to be required for
interaction with the p48 subunit of chromatin assembly factor 1 (CAF-1) which, in
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turn, has been shown to be a part of transcriptional repressor complexes (Zhang et al.,
1997) and the LXXLL motif of HIRA is required for interaction with HDAC-2
(Ahmad et al., 2003).
HIRA also has an RXL motif required for binding with cyclin A-cdk2 and cyclin E
cdk-2 flanked by two phosphoacceptor sites (Hall et al., 2001). HIRA associates with
a large number of proteins which are related to chromatin. Study of interactions with
H3 has been hampered by the high level of homology between some H3 variants and
the lack of antibody discrimination between them. Thus of the five variants of histone
H3 identified in Table 1, histone H3.2 and histone H3.3 differs from histone H3.1 by
one and five amino acid residues respectively (Hake and Allis, 2006).
HIRA associates with three of the histones H2B, H4 and H3 - the latter via interaction
with HIRIP3 in humans (Lorain et al., 1998), with HDAC-1 &2 and CAF-1p48 in
chicken (Ahmad et al., 2004), with Asf1 - and hence the histone variant H3.3 and its
binding partner histone H4 in S. cerevisiae and humans (Daganzo et al., 2003), with
GAGA in Drosphila (Nakayama et al., 2007), with UBN1 (Banumathy et al., 2009)
and through that with H3 lysine 9 (K9) methyltransferase (MTase) in humans, with
Pax3 in mice (Magnaghi et al., 1998) and with Hirip5 in humans and mice (Lorain et
al., 2001).
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1.7 LOCALISATION OF HIRA AND ITS POST-TRANSLATIONAL
MODIFICATIONS
HIRA is primarily localised to the nucleus (Lorain et al., 1998). In the process of
formation of senescence-associated heterochromatic foci, HIRA is localised to PML
nuclear bodies (Zhang et al., 2005). However, such localisation is not observed in
murine cells (Kennedy et al., 2010). HIRA has also been shown to bind in the vicinity
of the promoter of transcribed genes (Ahmad et al., 2005) but is excluded from the
condensed chromosomes during mitosis (De Lucia et al., 2001) when it is
hyperphosphorylated before being dephosphorylated in the succeeding G1 phase of
the cell cycle. HIRA is phosphorylated during S phase by the cyclin-dependent
kinases cyclin A-CDK2 and cyclin E-CDK2 (Hall et al., 2001) which are involved in
promoting S phase events.
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1.8 HIRA AS A HISTONE CHAPERONE
The assembly of nucleosomes onto chromatin requires the conjunction of the different
histone proteins that together make up the nucleosome. It has been shown that specific
histone variants may be recruited in different situations and that the small differences
in amino acid residue composition between histone variants may have significant
biological consequences. (Tagami et al., 2004) demonstrated that HIRA is part of an
H3.3 complex that is necessary for in vitro deposition of H3.3/H4 containing
nucleosomes onto DNA in a DNA synthesis-independent pathway in contrast to an
H3.1 complex containing CAF-1 which is responsible for deposition of H3.1/H4
containing nucleosomes in a DNA synthesis-dependent pathway. Subsequently, it was
shown that both HIRA and CAF-1 bind in a mutually exclusive fashion to antisilencing factor 1 (Asf1) which acts as an H3/H4 chaperone (Malay et al., 2008) and
(Tang et al., 2006). The molecular basis remains to be established for the specificity
of the binding of HIRA and CAF-1 to Asf1 only when Asf1 is carrying the
appropriate H3 variant. However, it is known that a mutation to any one of the three
amino acids 87, 89 and 90 of H3.1 to make it the same as the residue at the same
position in H3.3 will lead to some synthesis-independent incorporation of that
modified histone H3.1 (Ahmad and Henikoff, 2002).

HIRA deficiency in mouse embryonic stem cells was shown by FRAP analysis to
result in a much higher percentage of H3.3 which was highly mobile and therefore
likely to be not stably incorporated into chromatin suggesting that, if there are other
chaperones involved in H3.3 incorporation in mice, they are much less effective than
HIRA (Meshorer et al., 2006). However, it left open the possibility that HIRA was at
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least partially redundant in relation to H3.3 incorporation. Several recent studies
support this possibility.

H3.3 mutants which cannot bind to Asf1 but can bind to HIRA can be deposited
(albeit less efficiently) into nucleosomes and mutations that abolish the HIRA/Asf1
interaction do not prevent nucleosome deposition (Galvani et al., 2008).

(Goldberg et al., 2010) showed that HIRA is not required for incorporation of H3.3 at
telomeres and at many transcription factor binding sites (TFBS). While it has been
shown that the histone chaperone Atrx is required for H3.3 incorporation at telomeres,
it remains unclear how H3.3 is incorporated at many TFBS where the absence of
HIRA does not significantly alter H3.3 levels. This same work has confirmed that
HIRA is required for incorporation of H3.3 into gene bodies.

More recently, (Drane et al., 2010) have demonstrated that DAXX is a histone
chaperone specific for H3.3 which is essential to the targeting of H3.3 to PML nuclear
bodies (see section 1.7 in relation to the role of HIRA in PML bodies). Furthermore,
DAXX in combination with ATRX appears to play a role in deposition of H3.3 at
pericentromeric repeats. Associated with this, knockdown of ATRX leads to an
extended time in mitosis, impaired sister chromatid cohesion and a variety of
chromosome segregation defects (Ritchie et al., 2008).
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1.9 ROLE OF HIRA IN REGULATING TRANSCRIPTION
It is now more than fifteen years since the first scientific paper (Lamour et al., 1995)
referred to Hira, noted its homology to Hir1 and Hir2, repressors of histone gene
transcription in S. cerevisiae and suggested, by analogy, that Hira played a role in
transcriptional regulation.

1.9.1 TRANSCRIPTIONAL ACTIVATION
It was noted that H3.3 nucleosomes are especially prevalent at transcriptionally active
genes (Ahmad and Henikoff, 2002). This left open the question as to whether this was
because the presence of H3.3 nucleosomes facilitated transcription or was simply a
transcriptionally

neutral

consequence

arising

from

transcriptional

activity

“dislodging” nucleosomes which were then replaced outside S phase of the cell cycle
by the replication-independent chromatin assembly pathway.

A recent study suggesting that H3.3 facilitates transcription was the finding that, in
interferon activated cells which normally incorporate H3.3 at those genes activated by
interferon, siRNA-mediated knockdown of H3.3 significantly impairs transcription at
those genes (Tamura et al., 2009).

The concept that HIRA-mediated replacement of nucleosomes is important in
enabling transcription is supported by the finding in mouse spermiogenesis that a
cAMP-responsive element modulator forms a heterodimer with a transcription factor
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and that this heterodimer acts as a recruiter of HIRA to cAMP-response elements for
genes whose expression is upregulated during spermiogenesis (Nagamori et al., 2006).

One example where HIRA/H3.3 nucleosome replacement leading to transcriptional
activity was clearly separable from transcriptional activity leading to nucleosomal
replacement is that of the white gene in Drosophila. The exon structure (adapted from
(Nakayama et al., 2007) is illustrated in Figure 13.

Figure 13. Schematic representation of white gene in Drosophila
The schematic shows exons 1-6 with the point dl (which is in association with HIRA and at which a
GAGA factor-FACT complex is known to bind) on the 3' side of this. 3' of this is a heterochromatic
region shown as a black box.

Transcription occurs through exons 2, 4, and 6 and is known to terminate before the
point d1. d1 is a point with a high H3.3:H3 nucleosome ratio where there is a
pronounced local peak of H3K4me3 (transcriptionally active mark) and a dip in
H3K9me2 (transcriptionally repressive mark). It was also shown that Hira mutations
led to an increase in variegation. All this led to the conclusion that d1 was a focus of
rapid turnover of nucleosomes leading to elimination of repressive marks and the
prevention of heterochromatin spread. This was thought to be executed by HIRA and
orchestrated by the GAGA factor-FACT complex.
Non-dividing cells (McKittrick et al., 2004) progressively accumulate H3.3
nucleosomes to a level almost double what would be expected if they marked
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transcriptionally active sites alone. However, it is also likely that H3.3 nucleosomes
are necessary but not sufficient for transcription and that other factors are required to
initiate transcription.

An ex vivo study suggests that H3.3 containing nucleosomes are more unstable than
H3.1 nucleosomes and nucleosomes containing both H3.3 and H2AZ (a variant of
H2) are even more unstable than H3.3/H2A nucleosomes (Jin and Felsenfeld, 2007).
Interestingly, these “double variant” nucleosomes are concentrated in promoter
regions and their prevalence is higher at more actively transcribed genes. More
recently, it has been shown that an increase in H3.3 nucleosome occupancy at
transcriptional start sites reduces the concentration of H1 linker histones at those sites
which is not due to reduced nucleosome density (Braunschweig et al., 2009).

All of these changes would provide easier access to DNA for transcriptional
complexes and this would support the idea that H3.3 and, by extension, HIRA are
transcriptional enablers. Certainly, this idea is supported by the observation that H3.3
incorporation into chromatin in the vicinity of the promoter is associated with
epigenetic memory of an active gene state (Ng and Gurdon, 2008). Additionally,
depletion of HIRA reduces transcription of HSV-1 mRNA in cells infected with
herpes simplex virus (Placek et al., 2009). At first sight this is supported by work in
Drosophila (Sakai et al., 2009) where both H3.3 genes were knocked out and the
H3.3 null organisms showed significant transcriptional defects. These defects were
rescued with an H3.3 transgene. However, they were also rescued in large measure
(all bar 30 mis-regulated transcripts) when the H3.3 rescue transgene was mutated at
four codons to generate an H3 transgene. It was shown that H3 was being
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incorporated into nucleosomes at the promoters of active genes in H3.3 null animals
although there was no evidence as to the histone chaperones involved. This suggests
that, in most cases, normal transcriptional activity is more dependent on nucleosome
replacement than on the H3 variant incorporated in the replacement nucleosomes.

The position is further complicated by the observation that knockout of Hira in
chicken DT40 cells does lead to upregulation of core histones, P19 and cyclin A
while, at the same time, generating repression of P18, Cdc25B and BCL-2 (Ahmad et
al., 2005). Interestingly, the authors demonstrated that normal levels of expression
could be rescued by specific expression plasmids. The plasmid expressing the Nterminal half of HIRA would rescue normal levels of P18, Cdc25B and BCL-2
(suggesting that it has a role in activation) while the C-terminal half rescues normal
levels of core histones, P19 and cyclin A (suggesting that it has a role in repression).

1.9.2 TRANSCRIPTIONAL REPRESSION
There is also considerable evidence that HIRA has an important role in transcriptional
repression. The name HIRA was originally shorthand for “histone repression A
factor” as it was demonstrated (Sherwood et al., 1993) in S. cerevisiae that the two
proteins Hir1p and Hir2p (together homologues of HIRA) were necessary but not
sufficient to repress transcription of H2A and H2B histones at the HTA1-HTB1 locus.
If Hir1 or Hir2 is tethered in the vicinity of promoters for reporter genes in S.
cerevisiae, they will repress transcription even when tethered upstream of upstream
activation sequence (UAS) elements (Spector et al., 1997) which suggests that the
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repression function operates by some active mechanism rather than simple steric
hindrance of the transcriptional complex.
Additionally, the Hir proteins (Hir1, Hir2, Hir3 and Hpc2) have been shown to have a
repressive effect in S. cerevisiae where they provide a “backup” pathway to CAF-1 in
the silencing of heterochromatin as evidenced by comparison of cacΔ mutants with
the same cacΔ mutants after deletion of the HIR genes (Kaufman et al., 1998). The
authors established that silencing was not affected in the absence of the Hir proteins
providing the CAF-1 pathway remained intact. This is at variance to the findings in S.
pombe (Blackwell et al., 2004). It has subsequently been demonstrated (Prochasson et
al., 2005) that these proteins also form a complex which binds to DNA and
nucleosomes such that the SWI/SNF complex is unable to remodel them for the
purposes of transcriptional activation.

In human cells, HIRA is a key part of the establishment of senescence-associated
heterochromatic foci (SAHF) which are associated with proliferation arrest. It has
been shown (Banumathy et al., 2009) that proliferation-promoting genes are silenced
by association of a complex involving HIRA, UBN1 (associated with N-terminal WD
repeats of HIRA) and an H3K9MTase leading to heterochromatinisation of the genes.
However, the development of SAHFs is not seen in mouse cells and the signalling
pathways critical to the initiation of SAHFs in human cells are not activated in mice
(Kennedy et al., 2010).
A similar broad-scale silencing involving HIRA is observed in meiotic sex
chromosome inactivation (MSCI) and in meiotic silencing of unsynapsed chromatin
(MSUC). It was demonstrated that there is widespread replacement of H3.1 and H3.2
nucleosomes by H3.3 nucleosomes and a concomitant association of HIRA with the
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sex bodies together with initial loss of histone post-translational modifications
(PTMs) and their selective reacquisition (van der Heijden et al., 2007).

In S. pombe, knockout of hip1 or slm9 (homologues of HIRA) leads to derepression of
H3-H4 pairs of genes (Takayama and Takahashi, 2007) as well as derepression of Tf2
retrotransposons (Greenall et al., 2006) and of a specific pericentromeric gene
(Blackwell et al., 2004). The same pericentromeric gene (ade6+ marker gene in otr1R
of cen1) has more recently been shown to be derepressed in an H3K4R mutant of S.
pombe and the authors attribute this to absence of H3K4 acetylation (Xhemalce and
Kouzarides, 2010) . Indeed, about 4% of genes which are usually repressed (Anderson
et al., 2009) are expressed if the HIRA complex is inactivated in S. pombe. Another
consequence of HIRA complex inactivation in this organism is the generation of a
number of cryptic anti-sense transcripts. The authors suggest that HIRA plays a role
in restricting genomic accessibility. Certainly tethered HIRA has been shown to
increase local nucleosome density in chicken DT40 B cells (Cummings et al., 2008)
which might be thought likely to restrict genomic accessibility although tethered
HIRA is also associated with an increase in gene conversion at that locus which might
be taken as an indicator of increased genomic accessibility.

Reinforcing the role of HIRA in transcriptional repression, in human cells it was
demonstrated (Nelson et al., 2002) that ectopic expression of HIRA represses histone
expression to such an extent that it causes S phase cell-cycle arrest.
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1.10 CELL DIFFERENTIATION
It has been observed that during cell differentiation, there are changes in the relative
proportions of the different histone H3 variants. In particular, H3.3 levels increase
during cell differentiation (Hake et al., 2006). The association of HIRA with H3.3
points to a possible role for HIRA in cell differentiation. However, mouse ES cells
which carry a homozygous knockout for Hira have been reported to show accelerated
differentiation (Meshorer et al., 2006). Somewhat unexpectedly, the authors suggested
that H3.3 incorporation is reduced in such cells.

Since it is known that non-coding RNA plays an important role in gene silencing (see
(Valencia-Sanchez et al., 2006) for a review), which is an integral feature of cell
differentiation, one possible hypothesis is that, in Hira knockout cells, premature
transcription of regulatory RNA is enabled from parts of the genome normally
silenced at that particular developmental stage. The enabling factor would be a failure
to maintain an appropriately closed chromatin structure as a result of a cellular failure
to insert H3.3 nucleosomes to replace damaged or missing H3.1 nucleosomes.
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1.11 THE EFFECT OF HIRA DEFICIENCY ON CENTROMERES
AND PERICENTROMERIC HETEROCHROMATIN
A number of studies have pointed to a role for HIRA in the proper functioning of
centromeres. For instance, the loading of the H3 centromere-specific variant in S.
pombe has two phases of which the second is downregulated by Hip1 (Takayama et
al., 2008) although the mechanism for this is unclear. Mutation of hip1 also extends
the typical cell-cycle length by 50% which confirms this aspect of an earlier study
(Blackwell et al., 2004). This earlier study had also found that hip1 mutants suffered
an approximately tenfold increase in the loss of a non-essential minichromosome at
mitosis suggesting a defect in the accuracy of chromosome segregation. Furthermore
hip1 mutants have greatly increased sensitivity to drugs causing mitotic spindle
damage.

In human cells, HIRA appears to be important as part of a pathway which responds to
changes in pericentromeric heterochromatin which would otherwise lead to mitotic
failure (Zhang et al., 2007). Specifically, exposure of these cells to histone
deacetylase inhibitors (HDIs) triggers a major increase in acetylated H3, a HIRAdependent recruitment of H3.3, recruitment of HP1 and hMis12 and activation of the
mitotic spindle checkpoint. HIRA sequestration or knockdown in these target cells led
to mitotic failure and the authors suggested that HIRA was acting, in this respect, as
part of a repair pathway resolving the chromatin damage inflicted by HDIs via
nucleosome exchange.
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1.12 CELL CYCLE CHANGES
In S. cerevisiae, it has been shown that the effect of deleting the HTA1-HTB1
“negative site” (responsible for cell cycle regulation of the HTA1-HTB1 locus) can be
entirely rescued by tethering Hir1p to the same locus (Spector et al., 1997). This led
the authors to speculate that Hir1p may be an important target for regulatory signals
associated with the cell cycle.

In S. pombe, knockdown of either of the Hira homologues (hip1 and slm9) leads to an
extended cell cycle (Blackwell et al., 2004). In chicken DT40 cells, homozygous
knockout of Hira was observed to cause a small but significant increase in the
doubling time (Ahmad et al., 2005). Intriguingly, this paper showed that the Nterminal half (aa1-443) of HIRA could restore normal cell cycle although subsequent
work (Tang et al., 2006) has shown that this would abrogate binding to Asf1a (the H3H4 chaperone). This raises the possibility that HIRA may have important functions
other than nucleosome replacement. Conversely, it has been reported that murine
embryonic stem cells bearing a homozygous Hira knockout, divide as rapidly as wild
type embryonic stem cells and thus display no cell cycle consequences of HIRA
deficiency (Goldberg et al., 2010).
In human cells, there had been a suggestion that HIRA had a role in cell cycle control
as it competed with the E2F1 transcription factor (involved in cell cycle progression)
for phosphorylation by cyclin A-cdk2 and ectopic expression of HIRA resulted in cell
cycle arrest in S phase (Hall et al., 2001). However, a paper by many of the same
authors in the following year (Nelson et al., 2002) attributed the effects of ectopic
expression to repression of histone transcription – see 1.9.2.
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1.13 FEATURES OF HIRA NULL ORGANISMS
Homozygous knockout of Hira in mice is embryonically lethal (Roberts et al., 2002).
Embryonic lethality is associated with homozygous knockout of many murine genes
and a recent study estimated that the deletion of approximately 4,000 genes in the
murine genome results in embryonic death (Wilson et al., 2005). The Hira knockout
embryonic phenotype displayed defective gastrulation with the most severe phenotype
presenting at E6.5 to E7.5 as relatively undifferentiated “balls of cells”. The status of
mesoendodermal molecular markers relative to those normally seen at this
developmental stage was assessed as shown in Table 2.

MOLECULAR MARKER

STATUS

Brachyury

Downregulated

Fgf8

Normal

Hex

Downregulated

mCerberus

Downregulated

Bmp4

Downregulated

Table 2 Effect on molecular marker presence in E6.5 to E7.5 embryos with homozygous
knockout of Hira relative to Hira wt embryos
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A comparable analysis for E9.5 to E10.5 embryos is shown in Table 3.

MOLECULAR MARKER

STATUS

Fox2a

Dysregulated

Shh

Dysregulated

Tbx6

Dysregulated

Fgf8

Dysregulated

Brachyury

Dysregulated

HandI

Normal

Table 3 Effect on molecular marker presence in E9.5 to E10.5 embryos with homozygous
knockout of Hira relative to Hira wt embryos

The extent of dysregulation of molecular markers was significantly less in those
homozygous mice on a CD1 genetic background than those on a 129sv background.
However, the overall picture is of widespread gene dysregulation (predominantly
downregulation).

In contrast with the findings in mice, the only essential role for HIRA in Drosophila is
the de novo assembly of chromatin onto the male pronucleus following fertilisation
(Bonnefoy et al., 2007). This is not because H3.3 is unimportant in Drosophila since,
if both alleles of H3.3 are knocked out, the consequence is semi-lethal with almost
100 genes significantly downregulated and nearly 300 significantly upregulated
(Sakai et al., 2009). In embryos and adults, absence of HIRA does not affect H3.3
deposition suggesting that an alternative pathway exists (Bonnefoy et al., 2007). It has
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been suggested (Konev et al., 2007) that CHD1 (a protein known to interact with
HIRA and whose presence is essential for H3.3 deposition on the male pronucleus)
may provide this alternative pathway.

S. pombe in which hip1 and slm9 (homologues of Hira) have been deleted are viable
but show a similar pattern of gene dysregulation to Drosophila i.e. 195 mRNAs are
upregulated and 38 are downregulated more than 1.5 fold (Anderson et al., 2009). The
genes that are upregulated correlate highly significantly with those which are also
upregulated in a clr6-1 strain where a point mutation occurs in a class I deacetylase
gene. S. pombe also shows increased sensitivity to agents causing double-stranded
DNA breaks such as methyl methanesulfonate.
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.

1.14 OTHER
APPROACHES
TO
DEFICIENCY IN MAMMALIAN CELLS

GENERATING

HIRA

Since homozygous knockout of Hira is embryonically lethal in mice, alternative
models were required to enable fuller studies of the effects of HIRA deficiency.

1.14.1 HIRA CONDITIONAL KNOCKOUT MOUSE
The preferred model involved the development and use of a conditional knockout
(CKO) mouse. This model is based on the principle of using Cre recombinase to
effect recombination between two loxP sites inserted into the mouse genome
(Ramirez-Solis et al., 1995) resulting in excision of part of a gene (the residual gene
being referred to as “floxed”) and elimination of the protein encoded by that allele.
This requires the generation of mice whose germline bears two correctly oriented loxP
sites in the appropriate genomic location and crossing these with other mice whose
germline bears a transgene for Cre recombinase expression under the control of a
tissue specific promoter. Pups from these matings whose genotype includes both the
loxP sites and Cre recombinase will experience loxP recombination and hence
elimination of the protein encoded by that allele only in the tissue where Cre
recombinase is expressed with all other tissues being unaffected. If both alleles are
floxed in such mice, this should lead to full protein knockout in those tissues.

As described in more detail in Materials and Methods, there have been unexpected
difficulties in generating a suitable conditional knockout mouse which is why the vast
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majority of the work described in this thesis is based on the alternative methods of
generating HIRA deficiency described in this section.

1.14.2 HETEROZYGOUS HIRA KNOCKOUT MICE
These mice already existed although they had been reported as “normally viable and
fertile” (Roberts et al., 2002) and no phenotype had yet been reported/published.
However, this did not exclude the possibility of a haploinsufficiency phenotype. In
particular, since there have been reports of many PEV modifiers having a dosedependent effect in Drosophila (Schotta et al., 2003a), evidence that PEV modifiers
can have a dose-dependent effect in mammals (Festenstein et al., 1999) and (Saveliev
et al., 2003) and that some important PEV modifiers in Drosophila have retained their
structure and function in mammals (Schotta et al., 2003b), it was postulated that, if
HIRA is a PEV modifier in mice, there might be detectable differences in the
expression profile of a PEV reporter gene on a heterozygous Hira knockout
background compared to a Hira wild type background.

1.14.3 HOMOZYGOUS HIRA KNOCKOUT ES CELLS
Such cells have been generated and results reported (Meshorer et al., 2006) and
(Goldberg et al., 2010) based on double targeting (personal communication PJ
Scambler) of the embryonic stem cells used to generate the established Hira knockout
(Roberts et al., 2002).
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1.14.4 HIRA KNOCKDOWN IN VIVO BY INCORPORATION INTO THE
MOUSE GENOME OF A DNA CASSETTE ENABLING
CONSTITUTIVE EXPRESSION OF AN APPROPRIATE SHRNA
Protein knockdown can be achieved by RNAi-enabled reduction of the relevant
mRNA. There are two pathways in eukaryotes (including mammalian cells) which
contribute to this of which one is post-transcriptional and the other represses
transcription. The former involves the degradation of relevant transcribed mRNAs by
cleavage. This cleavage is mediated by an RNAi effector complex (RISC) using
siRNA as a guide (Hammond et al., 2000) and (Liu et al., 2004). The other pathway is
less well understood but involves an RNA duplex targeted at the promoter of the gene
concerned which is incorporated into an RNAi-induced initiation of transcriptional
gene silencing (RITS) complex resulting in the formation of a repressive chromatin
environment - for a review, see (Suzuki and Kelleher, 2009). Interestingly, this
review also notes that the same duplexes can either activate or repress the relevant
gene in different cell lines for the same tissue type. Although the mechanisms
involved are still unknown, it appears that high levels of gene transcription prior to
introduction of the RNA may lead to repression and low levels of gene transcription
to activation.

Constitutive expression of the desired siRNA (or shRNA which is converted to
siRNA by Dicer (Siolas et al., 2005)) may be achieved by incorporation into the
mouse genome of an appropriate DNA cassette and promoter. The DNA cassette may
be transferred by lentiviral (Rubinson et al., 2003) or retroviral transduction (Dickins
et al., 2005).
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The cells to be transduced depend on whether the knockdown is to affect all cells in
the animal or only some. If all the cells in the organism are to be targeted, this may be
achieved through transduction of sperm cells, oocytes or zygotes - for a review, see
(Gama Sosa et al., 2010).

If however, the cells targeted for protein knockdown form part of the haematopoietic
system, it is possible to transduce progenitor cells (in the form of haematopoietic stem
cells) removed from donor mice and then reintroduce them into a recipient mouse
which has had the equivalent progenitor cells either partially or totally ablated. These
donated progenitor cells will then occupy the niche previously occupied by the same
cells in the recipient and successfully differentiate. This technique for haematopoietic
system repopulation has been used in medical therapy for many years (Kolb and
Holler, 1997). This makes it possible to observe in vivo the consequences of Hira
knockdown on the phenotype of the cells derived from those progenitors.

More details on haematopoietic system repopulation by donor haematopoietic stem
cells are given in Materials and Methods 6.8.5.

1.14.5 HIRA KNOCKDOWN IN VITRO BY CONSTITUTIVE
EXPRESSION OF AN APPROPRIATE SIRNA OR SHRNA
In vitro, the same knockdown approach as in 1.14.4 may be used by culturing the
relevant cell line, achieving integration of the shRNA cassette and studying the
resultant Hira knockdown and associated phenotype.
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1.14.6 HIRA KNOCKDOWN IN VITRO BY NUCLEOFECTION WITH AN
APPROPRIATE SIRNA
Alternatively, the knockdown may be achieved by transfecting appropriate siRNAs
into the relevant cells. However, many primary cells are difficult to transfect and, for
these, nucleofection represents a much more effective option (Aluigi et al., 2006).
This has the disadvantage relative to constitutive expression of an integrated shRNA
cassette that the knockdown will be relatively short lived. However, certain primary
cells and particularly primary T cells show very much less efficient knockdown when
retrovirally-transduced than do NIH-3T3 cells (Oberdoerffer et al., 2005). The reasons
for this are not fully understood but it is thought to be connected with RNA
degradation by T cells as chemically stabilised RNAs produce much more effective
and long-lasting knockdown than do unmodified siRNAs in primary T lymphocytes
(Mantei et al., 2008).
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1.15 AIMS
Given the previous research findings in relation to HIRA described in this chapter, it
was hypothesised that HIRA is involved in the remodelling of chromatin and, in doing
so, plays both a gene and a cell cycle regulatory role. As a corollary, it was
hypothesised that HIRA contributes to the maintenance or establishment of epigenetic
states.

Accordingly, the aims of this research were to investigate this hypothesis by
examining the effects of HIRA deficiency in mouse cells both in vivo and in vitro on:1) Chromatin structure using changes in PEV of a transgene as an indicator of
this
2) Transcriptional activation and repression
3) Cell cycle timing
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CHAPTER 2 THE IMPACT OF HIRA DEFICIENCY ON
PEV IN PERICENTROMERIC HETEROCHROMATIN
HIRA deficiency has been demonstrated to modify position effect variegation in
pericentromeric heterochromatin in Drosophila and has effects on transcription
(which may or may not be associated with variegation) in species as diverse as S.
pombe, Gallus gallus, Mus musculus and Homo sapiens. Accordingly, it was decided
to use the well established in vivo model for PEV in pericentromeric heterochromatin
in mice (involving T cells expressing a pericentromeric hCD2 transgene from the
1.3B strain) as a test of whether HIRA is a mammalian PEV modifier.
Homozygous Hira knockout in all tissues could not be achieved in vivo as this is
embryonically lethal. In view of this, the preference was to use a Hira conditional
knockout (CKO) to enable assessment of the effects of complete absence of HIRA in
T cells. Accordingly, work was undertaken to develop a mouse bearing a Hira CKO
allele using a construct developed at Institute of Child Health (ICH) to which the
author’s M.Sc. project contributed. However, early efforts (described in outline in
APPENDIX 1) were unsuccessful as were similar efforts at ICH.
In the interim, various models enabling creation of a partial HIRA deficiency in T
cells were used. Each model used is described in this section together with results
obtained and a brief discussion of those results
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2.1 GENERATING HIRA DEFICIENCY BY HETEROZYGOUS
KNOCKOUT
One of the options available was to use the pre-existing heterozygous Hira knockout
KO mouse strain (Roberts et al., 2002) to test for haploinsufficiency effects on PEV.
Mice from this strain were reported to be fully viable with no phenotype evident.

2.1.1 EXPERIMENTAL APPROACH
It was shown by qPCR that, in thymocytes, heterozygous Hira KO mice have a
reduction in Hira mRNA levels of 44% relative to littermates that are wild type for
Hira. It would have been desirable to confirm that protein levels were similarly
reduced but this could not be confirmed in the absence of an effective antibody for
HIRA at that stage.

If HIRA plays a role in establishment or maintenance of PEV, the expected reduction
in protein levels seen in the heterozygous KO mice was predicted to result in some
dosage-related changes in the PEV pattern (see Figure 10) relative to that seen in wild
type mice

Accordingly, two different mouse strains, 1.3B and 1.3A14, displaying PEV of an
hCD2 transgene (inserted in and proximal to pericentromeric heterochromatin
respectively) and expressed in T cells were crossed to mice carrying a heterozygous
Hira KO. Those F1 animals which carried an hCD2 transgene were then studied to
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establish the extent of variegation of the hCD2 transgene and whether this was
affected by the presence or absence of a Hira KO allele in those animals.

T cells were obtained from peripheral blood and stained with fluorophore-conjugated
antibodies to human CD2 (hCD2), mouse CD4 (mCD4) and mouse CD8 (mCD8).
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2.1.2 RESULTS
In both strains, the Hira KO allele did not affect the observed pattern of variegation in
peripheral blood or T cells from mesenteric lymph nodes (see Figure 14 and Figure
15).

hCD2

hCD2

Figure 14 FACS analysis of hCD2 fluorescence in T cells from peripheral blood of Hira+/- 1.3B+/(pericentromeric hCD2 transgene) and control mice shows no significant effect on PEV of
heterozygous Hira knockout in 7 week old mice
The Hira knockout mice results are shown in blue in both plots compared with Hira+/+ 1.3B+/- litter
mate 5 (green trace in left hand plot) and Hira+/+ 1.3B+/- litter mate 7 (green trace in right hand plot).
These results are representative of those obtained from four different litters.

Figure 15 FACS analysis of hCD2 fluorescence in T cells from peripheral blood of Hira+/1.3A14+/- (transgene proximal to pericentromeric heterochromatin) and control mice shows no
significant effect of heterozygous Hira knockout in 6 week old mice
The Hira knockout mice results are shown in purple and green compared with a Hira+/+ 1.3A14+/- litter
mate (shown in pink). These results are representative of those obtained from three different litters.
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2.1.3 OTHER RESULTS
Although not relevant to the study of Hira, an atypical pattern of CD8 expression was
observed in T cells from Hira heterozygous KO mice (on a CD1 background) and the
F1 pups from matings between these mice and the hCD2 transgenic strains described
above (on a CBA background). This pattern has not previously been reported in the
literature. Details of these findings are set out in APPENDIX 2.

2.1.4 DISCUSSION
The results from these strains would suggest that, if HIRA is a required protein for
pericentromeric PEV establishment and maintenance, it is able to fully perform these
functions despite haploinsufficiency. Alternatively
•

There may be other pathways not involving HIRA that can undertake these
roles and the resulting redundancy means that its haploinsufficiency has no
discernible effect OR

•

HIRA may not contribute to either of these functions.
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2.2 GENERATING HIRA DEFICIENCY BY SHRNA EXPRESSION
Haploinsufficiency of Hira does not appear to modify the PEV of a transgene inserted
in or close to pericentromeric heterochromatin in mouse T cells. However, it remained
possible that a greater level of HIRA deficiency in T cells might generate a
phenotype. Two approaches were identified to test this hypothesis using retrovirallyenabled constitutive expression of shRNAs to knock down Hira. These are described
in this chapter.

2.2.1 EXPERIMENTAL APPROACH
Retroviral transduction will only occur in dividing cells and resting T cells are nondividing. Accordingly, it was necessary to prepare resting T cells ex vivo, activate
them and 24 hours later transduce. Considerable work was undertaken with
pSUPER.retro.neo + GFP, a retroviral vector that has been used in a number of
published studies. This vector transfected retroviral packaging cells efficiently with
strong GFP expression. However, it was not possible to achieve anything more than
minimal transduction of activated T cells (as measured by GFP expression). In order
to rule out deficiencies in transduction technique, systematic changes were made to
the protocol used but without success.

Another researcher within the Clinical Sciences Centre reported past problems with
aliquots of this vector being apparently incompetent at transduction (personal
communication J. Gil). Accordingly, a test transduction of NIH-3T3 fibroblasts was
carried out using a known competent GFP-expressing retrovirus (pMig) as the
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positive control and pSUPER.retro.neo + GFP. This clearly demonstrated high levels
of infection by pMig but virtually no GFP expression in 3T3 cells transduced by
pSUPER.retro.neo + GFP.

At a later stage, an aliquot of the same vector was obtained from a researcher who had
published some work in 2009 involving retroviral knockdown using this vector
(Choudhury et al., 2009). The same comparison of NIH 3T3 cell transduction using a
positive control vector produced the results shown in Figure 16.

Figure 16 FACS analysis of GFP expression in transduced NIH-3T3 T cells shows very low
efficiency of pSUPER.retro.neo +GFP relative to positive control
Two aliquots of NIH-3T3 cells split from the same plate were transduced at the same time with
retroviral particles generated from pSUPER.retro.neo + GFP and MLP respectively using the same
retroviral packaging arrangements. Three days later both aliquots were analysed by FACS for GFP
expression. This figure shows the results for pSUPER.retro.neo + GFP (shown in purple) and for MLP
(shown in green).

Whether this very low level of GFP expression reflected incompetence at transduction
or almost complete silencing of retroviral expression on integration into the mouse
genome, it rendered this retrovirus unusable for its intended purpose.
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A number of other vectors and shRNA inserts were then tested using NIH-3T3 cells
as the transduction target. The most effective combination in achieving knockdown of
Hira at the mRNA level was shown by qPCR to be the pSUPER.retro.puro vector
combined with the Hirash2 oligos described in 6.2.1 and 6.2.3 respectively. This
vector (known as PSR2) achieved knockdown (after selection with puromycin) of
around 90% relative to NIH-3T3 cells transduced with the same retrovirus combined
with the control HirashNCS oligos described in 6.2.3 (known as PSRNCS). Although
a satisfactory Hira antibody was not available at the outset of this thesis, subsequent
work has demonstrated that the knockdown at the mRNA level is also achieved at the
protein level as shown in Figure 17.

Figure 17 The PSR2 retroviral vector achieves excellent knockdown of HIRA in NIH-3T3 cells
NIH-3T3 cells were transduced with the PSR2 retrovirus and control retroviruses. After selection of
cells to remove non-transduced cells, nuclear extracts were prepared and the proteins from these
separated by western blot. The Hira antibody used was WC119 and the loading control antibody was
LAMINB1. This shows no discernible HIRA in the blot prepared from cells transduced by the PSR2
retrovirus.
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The two approaches to achieve knockdown of Hira in T cells in 1.3B mice (one of the
readily available pericentromeric variegating hCD2 transgenic strains ) involved
retroviral transduction of:•

Ex vivo resting T cells, activated for 24 hours to stimulate cell division and
then cultured for 3 days after transduction (see 2.2.2)

•

Bone marrow stem cells (BMSCs) which could be used after transduction for
repopulation of the haematopoietic system of recipient mice by adoptive
transfer resulting in HIRA-deficient T cells derived from transduced BMSCs
(see 2.2.3).
A different approach to adoptive transfer had initially been attempted using
foetal haematopoietic stem cells harvested from embryonic livers and injecting
these post-transduction into RAG negative mice. However, this approach did
not result in successful haematopoietic system repopulation.

In order to enable comparison of the results from these two approaches, it was
recognised that there would be advantages in using the same retroviral vectors for
both. However, since puromycin selection of transduced cells could not be used in
vivo, it was clear that pSUPER.retro.puro would not be suitable for this and that the
alternative was to use a GFP-expressing vector. This would facilitate the use of FACS
to compare PEV in individual transduced cells with the PEV of non-transduced T
cells where both experimental and control cells came from the same original
population of T cells and had been cultured thereafter in an identical environment.

69

Work within Clinical Sciences Centre had already successfully used pMig (a GFPexpressing retroviral vector) as the accepting vector for the H1 promoter-shRNA
cassette excised from pSUPER.retro.puro. Accordingly, it was decided to use the
same approach with PSR2 to produce a vector (pMig-PSR2) whose genomic
integration would result in expression of both GFP and the relevant shRNA to knock
down HIRA.

2.2.2 RESULTS FROM TRANSDUCTION OF ACTIVATED T CELLS
The pMig-PSR2 retrovirus successfully transduced T cells and, with successive
refinements of the protocols for packaging cell transfection and T cell transduction, it
was possible to achieve transduction rates in excess of 50% as shown by Figure 18.

Figure 18 More than 50% of T cells transduced by pMig show GFP fluorescence above
background
Activated T cells were transduced by pMig retrovirus and GFP fluorescence assessed by FACS. The
lower fluorescence limit on the marker shown was set with reference to control activated T cells. This
plot is representative of other successful T cell transductions. The marker is set using control dummy
transduced T cells such that no more than 1% of control cells show fluorescence of more than the
marker lower bound.

Three days after transduction, the T cells would be subject to FACS analysis with the
intention of comparing changes in the variegation of the hCD2 transgene between
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cells transduced with a control shRNA-expressing retrovirus and a “Hira knockdown”
shRNA-expressing retrovirus.
There were some additional technical complexities in using FACS to study activated
T cells as compared with primary lymphocytes
•

Activated T cells did not, as resting T cells did, form a compact population on
a forward scatter/side scatter FACS plot but became very widely scattered on
the plot

•

All fluorophores have an emission spectrum which means that they generate a
signal in detectors set for different wavelengths and this signal will be affected
by the characteristics of the cells under examination. A system of
compensation is used to adjust for this by adjusting the signal received in the
“secondary” detectors by a percentage of the signal received in the primary
detector so as to eliminate this fluorophore “bleed” from the final results and
this works well for a homogeneous population of cells. However, as indicated
above, activated T cells did not form a homogeneous population and this
meant that any compensation setting was a compromise between the ideals for
different sub-populations of cells. This introduced additional “noise” into the
results.

•

Activation of T cells reduced hCD2 variegation and this reduction became
larger the greater the extent of proliferation (Hiragami-Hamada et al., 2009).
This could be controlled for by using a proliferation assay such as CFSE
(carboxyfluorescein diacetate, succinimidyl ester) where the fluorescence of
CFSE in a sample of cells is reduced pro-rata by the extent of proliferation of
those cells. However, the emission characteristics of this assay required

71

substantial compensation which was exacerbated by the issue of cell
heterogeneity described above.
Despite these technical issues, some clear results emerged. It was established that
retroviral transduction per se reduced variegation significantly in CD4 cells but had
little effect on variegation in CD8 cells as shown in Table 4.
% of cells not expressing
hCD2
Not transduced

CD4

CD8

42.3

42.8

Transduced but retrovirus
not integrated
Transduced and retrovirus
integrated

44.5

46.4

31

46.3

Table 4 The percentage of activated T cells that express the hCD2 transgene after transduction
with a control retrovirus is reduced for CD4 T cells but not for CD8 cells
Transduced cells where the control retrovirus (pMigNCS) had not apparently integrated (no GFP
expression) showed little difference in hCD2 variegation from other cells which had not been
transduced at all. However, CD4 cells showed a large decrease in hCD2 variegation when successfully
transduced but this effect was not seen in CD8 cells.

It was shown that these differences between CD4 and CD8 T cells in the effect on
PEV of transduction correlated well with the proliferation consequences of
transduction as shown in Table 5.
Mode fluorescence value
of proliferation assay
Retrovirus not integrated
Retrovirus integrated

CD4

CD8

639
462

193
217

Table 5 The proliferation of CD4 cells is substantially increased by transduction with a control
retrovirus but CD8 cell proliferation is not
The fluorescence value of the proliferation assay is affected by the extent of cellular proliferation since
labelling occurred. The lower the fluorescence value the greater the proliferation. Thus the GFPexpressing CD4 cells have proliferated more than the non GFP-expressing cells while this is not the
case for the CD8 cells. It should also be noted that activated CD8 cells have proliferated significantly
more than the CD4 cells regardless of retrovirus integration.

However, despite the greater proliferation of CD8 T cells, they did not display a
greater reduction in variegation compared to CD4 T cells. It was also noted that the
proportion of transduced CD4 cells was generally substantially greater than the
proportion of transduced CD8 cells (see Table 6) which was surprising given the
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results of Table 5 and suggested either that CD8 cells were much more refractory to
transduction or that transduced CD8 cells were much more prone to apoptosis than
transduced CD4 cells. Since the number of CD8 cells was noted to decline over time
despite their higher proliferation rate, the latter explanation appears more likely.

Although this was not systematically investigated, Table 6 also suggested increased
toxicity of shRNA-expressing retroviruses as compared to “empty” retrovirus. This
raised concerns of a systematic selection bias in the data available (i.e. the cells most
affected by shRNA knockdown effects might not survive and hence would not be
included in the results) leading to an underestimate of the effects of Hira knockdown.

TRANSDUCTION
“Empty” retrovirus
Control shRNA r’virus
Knockdown r’virus 1
Knockdown r’virus 2
Knockdown r’virus 3

% CD4 TRANSDUCED
61.3
20.6
30.2
52.7
36.9

% CD8 TRANSDUCED
19.0
3.0
2.4
6.8
5.5

Table 6 Three days post transduction the percentage of CD4 cells that were transduced is
substantially higher than the percentage of CD8 cells
Cells that were GFP-expressing were scored as transduced and CD4 cells were discriminated from
CD8 cells by antibodies to their cell surface markers. The finding that the percentage of cells that were
CD4 increased over time despite their lower proliferation rate would suggest a greater tendency to
apoptosis of transduced CD8 cells particularly where the retroviruses express shRNAs. However, the
possibility of greater silencing of the GFP transgene remains a possibility.

Since the effects on variegation of transduction were assessed by comparing the
difference between T cells transduced by the “Hira knockdown” retrovirus and those
transduced by the control retrovirus, it was noted that this introduced additional
“noise” as a result of differences in the activation conditions prevailing in the
different wells in which the relevant transductions occurred.
Aggregating the various experiments (with the exclusion of one outlier) leads to the
conclusion that transduction with shRNA-expressing retroviruses designed to knock
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down Hira had an insignificant effect on hCD2 variegation relative to control
retroviruses as shown in Table 7.
Increase (+) in
percentage of non hCD2expressing cells

CD4

CD8

2.8

-0.9

Table 7 The percentage of hCD2-expressing T cells is not significantly changed by transduction
with a “Hira knockdown” retrovirus relative to transduction by a control shRNA-expressing
retrovirus
T cells were dissected from a 1.3B (pericentromeric transgene) mouse and transduced with pMig-PSR2
and with pMig-NCS. Three days after transduction, the cells were subject to FACS analysis and the
percentage of CD4 and CD8 cells that were not hCD2 expressing was computed for each transduction.
The effect of Hira knockdown was computed as (% of non hCD2-expressing cells in pMig-PSR2
transduction minus % of non hCD2-expressing cells in pMig-NCS transduction). The figures in the
table are the average of 8 experiments for CD4 and 7 experiments for CD8. The eighth experiment for
CD8 was excluded as it showed a large effect (reduction of 12.6% in hCD2-expressing cells) of Hira
knockdown for CD8 cells and little effect for CD4 cells. The reasons for this are not understood and
were not replicated.

2.2.3 RESULTS FROM TRANSDUCTION OF BONE MARROW STEM
CELLS (BMSCS)
BMSCs were harvested, cultured and transduced with the pMig-PSR2 retrovirus
expressing both a “Hira knockdown” shRNA and GFP leading to a moderate level of
GFP-expressing BMSCs as shown in Figure 19.

Figure 19 The pMig retrovirus transduces BMSCs
Three days after transduction, a small sample of BMSCs were withdrawn from culture and analysed by
FACS. This plot shows approximately one third of cells were transduced. This is representative of the
usual level of transduction efficiency.
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The initial study showed a striking difference between BMSCs transduced by the Hira
knockdown retrovirus as opposed to those transduced by the control retrovirus.
A significant population of T cells derived from the BMSCs transduced by the control
retrovirus were identified (see Figure 20).

Figure 20 T cells were derived from BMSCs transduced by a control retrovirus
Gate R2 in this FACS plot shows lymphocytes from peripheral blood which were both GFP-expressing
(confirming their derivation from transduced precursors) and CD90.2-expressing (indicating that they
were T cells derived from donor cells. This was verified by also staining for mCD4 and mCD8).

However, Figure 21 shows that BMSCs transduced by the Hira knockdown vector did
not generate T cells in peripheral blood.
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CD90.2 fluorescence
(Thy1b)

GFP fluorescence

Figure 21 Very few T cells were derived from donor BMSCs transduced by pMig-PSR2
Gate R2 in this FACS plot shows virtually no T cells derived from transduced donor cells although it
does show both other lymphocytes derived from transduced donor cells (GFP+ve, CD90.2-ve) and T
cells derived from non-transduced donor cells (GFP-ve, CD90.2+ve)

However, there were cells derived from transduced donor cells which are not T cells
(as evidenced by GFP-expressing cells which do not express CD90.2. Figure 22
shows that most of these were B cells.

Figure 22 Some B cells were derived from donor BMSCs transduced by pMig-PSR2
The population ringed in red in this FACS plot contained cells that were both GFP+ve (confirming that
they were derived from transduced donor cells) and B220+ve (confirming that they were B cells).
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However, three subsequent experiments did not confirm this finding in that
transduction of BMSCs both by control and Hira knockdown retroviruses led to
repopulation of the mouse haematopoietic system with T cells derived from donor
BMSCs (see Figure 23).

Figure 23 Most haematopoietic system repopulations by BMSCs transduced by pMig-PSR2
resulted in T cells
This FACS plot shows peripheral blood from an irradiated mouse that received BMSCs transduced
with pMig-PSR2. Gate R2 contains T cells derived from non-transduced donor cells (CD90.2+ve and
GFP-ve) and gate R3 shows a population of T cells derived from transduced donor cells (CD90.2+ve
and GFP+ve).

In these experiments (involving 6 mice), variegation of the pericentromeric hCD2
transgene in T cells derived from 1.3B donor BMSCs was examined (see Figure 24
for normal hCD2 variegation pattern of the pericentromeric transgene in 1.3B T cells).
Unexpectedly, all six mice showed no variegation (i.e. full expression of the hCD2
transgene) in both transduced and non-transduced derivative cells. This pattern was
observed in both CD4 and CD8 cells (see Figure 25).
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Figure 24 Position effect variegation of the pericentromeric transgene in 1.3B T cells
This FACS plot of peripheral blood from a 1.3B mouse shows the normal pattern of variegation of the
hCD2 transgene

Figure 25 Full expression of the hCD2 transgene was observed in both CD4+ and CD8+ cells
regardless of whether their BMSC progenitors had been transduced or not.
This FACS plot shows the full derepression (i.e. absence of variegation) of the hCD2 transgene in both
CD4+ and CD8+ cells regardless of whether their BMSC progenitors had been transduced with pMigPSR2 (green line plot) or not transduced (solid purple plot)

The level of knockdown in BMSCs used in each experiment is unknown as there were
insufficient BMSCs available to permit RNA extraction and tail vein injection
simultaneously.
Subsequently, it was decided to use the MLP vector because of concerns about the
effectiveness of the pMig-PSR2 construct in achieving mRNA Hira knockdown (see
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2.3.2 for further information). Although the level of transduction of BMSCs was
relatively low, there were significant differences in the proportions of the derivatives
of transduced cells that were T cells depending on whether the retrovirus used was the
Hira knockdown version or the control (see Table 8).

% of derivative cells
CD4+
% of derivative cells
CD8+

CONTROL
18%

HIRA KNOCKDOWN
1%

3.4%

0.3%

Table 8 BMSCs transduced by the Hira knockdown version of MLP generate a much smaller
proportion of T cells than do BMSCs transduced by the control version of MLP.
Cells were recovered from the spleen of animals which had been irradiated and had received
transduced donor BMSCs. FACS analysis showed that over 20% of the derivatives of cells transduced
by the control retrovirus were T cells. However, less than 1.5% of the derivatives of cells transduced by
the “Hira knockdown” retrovirus were T cells. Since the only marker for non-transduced donor cells
was CD90.2 (expressed predominantly in T cells) it was not possible to calculate the percentage of T
cell derivatives from the non-transduced donor cells.

In this experiment, Hira knockdown is associated with a reduction in the proportion
of T cells derived from BMSCs of more than 90%.
There were sufficient non-transduced T cells to confirm close to full derepression of
the transgene and to confirm that there was no effect of the control retrovirus on the
variegation profile. With the few T cells transduced by the knockdown retrovirus,
there was no evidence of any impact of a change in the variegation profile relative to
the non-transduced cells.

2.2.4 DISCUSSION
The failure to identify any effect of T cell transduction on PEV could have been due
to many possible causes including:1. There is no effect of HIRA deficiency on PEV
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2. There is an effect of HIRA deficiency on PEV but this is obscured or
abrogated by the change in variegation profile brought about by the initial
activation required to transduce the cells
3. The effect of HIRA deficiency on PEV does not become fully apparent within
the three days post-transduction for which the T cells were cultured before
FACS analysis. Since T cells have a limited lifespan in culture, this is an
inherent limitation of this approach
4. The retrovirus may not have generated high levels of knockdown of Hira in T
cells.

The experiments involving adoptive transfer of transduced BMSCs avoided the need
to activate T cells (potential cause 2) and enabled study of the effects of HIRA
deficiency in T cells without effective time limit (potential cause 3).

Potential problems with the level of HIRA knockdown (potential cause 4) were
explored further in a series of experiments described in the next section.

In relation to the work involving transduced bone marrow stem cells, some of the
results suggest that HIRA deficiency may selectively impair T cell development from
BMSCs relative to B cells. However, this result was not consistently replicated. This
leaves open the possibility that this is a phenotype with incomplete penetrance as
some later results in this thesis suggest.
Where there were enough T cells available, there was no discernible difference
between the transduced and non-transduced T cells in respect of PEV. Accordingly,
this leaves open the two possibilities identified previously
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•

There is no effect of HIRA deficiency on PEV

•

The retrovirus may not have generated high levels of knockdown of Hira

The second of these possibilities is explored in the next section.
The other surprising element to emerge was the derepression of the transgene which
resulted from culture and adoptive transfer of the bone marrow stem cells. A brief
further experiment was conducted to test whether adoptive transfer of T cells would
result in derepression of the transgene (see APPENDIX 3). This had little effect on
variegation profile suggesting that it is not simply a transfer of host that induces
derepression of the transgene.
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2.3 UNDERSTANDING THE REASONS FOR LACK OF A
REPRODUCIBLE PHENOTYPE
2.2.4 suggested a number of possible reasons why the techniques used had failed to
identify a clear and reproducible effect on PEV. This section describes the work
undertaken to investigate the two main possibilities
•

The retroviral construct used was not achieving a significant level of
knockdown

•

HIRA deficiency results in no significant effect on PEV at the levels
that were achievable with the techniques available.

2.3.1 EXPERIMENTAL APPROACH
The approach taken was to check by qPCR whether the H1-shRNA cassette in the
pMig/pSUPER.retro.puro hybrid had the same effectiveness in knocking down Hira
at the mRNA level in NIH-3T3 cells as the identical H1-shRNA cassette in the
originally validated pSUPER.retro.puro. The same technique was used to assess the
relative efficiency of knockdown of Hira in NIH-3T3 cells as compared to primary T
cells. It would have been desirable to confirm these findings at the protein level but, at
that stage, there was no reliable antibody available which would have enabled semiquantitative assessment of protein levels by western blot.

However, it had already been established that Hira heterozygous KO T cells had
mRNA levels reduced by approximately 50% without obvious effects on hCD2 PEV
and this raised the question as to whether HIRA functionality was unimpaired at this
level and, if so, what level was required to generate a measurable phenotype. At that
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time, the one clear phenotype of HIRA deficiency at the cellular level had been shown
to be (Meshorer et al., 2006) greater mobility of H3.3 in Hira homozygous KO ES
cells as demonstrated by fluorescence recovery after photobleaching (FRAP)
presumably as a consequence of impaired incorporation of H3.3.

There are two genes for H3.3 in mice, H3.3A and H3.3B. These produce identical
proteins but have a different DNA sequence. A resource available within GCMD (see
acknowledgements) is a murine embryonic stem cell line in which the protein from
the H3.3B gene has GFP fused to the C terminus. Accordingly, it was possible to
transduce these stem cells with a Hira “knockdown” retrovirus and a control
retrovirus, select the transduced cells with puromycin, compare the fluorescence
recovery after photobleaching and assess the extent of Hira mRNA knockdown by
qPCR. This would reveal whether this phenotype was or was not detectable at that
level of knockdown. If no such phenotype could be detected, it was argued that no
other phenotype was likely to be detected and, if so, there would be little value in
continuing investigations of the effect of HIRA deficiency on pericentromeric PEV in
the absence of a Hira CKO mouse.

2.3.2 RESULTS OF KNOCKDOWN ASSESSMENT
Transduction of NIH-3T3 cells was carried out in parallel using the original
pSUPER.retro.puro construct (PSR2) and the derived pMig/pSUPER.retro.puro
hybrid (pMig-PSR2 – for a schematic map, see Figure 29) and the equivalent noncoding sequence versions of these vectors as controls. qPCR analysis showed that,
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while the pSUPER.retro.puro construct produced high levels of knockdown, this was
not achieved by the hybrid construct as shown in Figure 26.

Figure 26 pSUPER.retro.puro produces much higher levels of knockdown in NIH-3T3 cells than
pMig when both contain the identical H1-shRNA cassette
NIH-3T3 cells were transduced with retroviral supernatant derived from each of the two plasmids
PSR2 and pMig-PSR2. Transduction efficiency could be measured by FACS for pMig-PSR2 and
averaged 85%. The transduction efficiency of PSR2 could not be directly measured. Three days later,
RNA was prepared from each population of cells. Knockdown was assessed by qPCR. The numbers in
above chart represents the average of four measurements. The substantially greater relative size of the
error bar for pMig should be noted.

Further transductions of NIH-3T3 cells were carried out to establish whether there
was a reduced level of shRNA being generated by the integrated pMig-PSR2
retrovirus relative to the integrated PSR2 retrovirus. As controls, some cells were
transduced with pMig alone i.e. without incorporation of the H1-shRNA cassette.
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A northern blot of RNA from these cells showed a marked difference between the
retroviruses in terms of the levels of expression of shRNA with PSR2 giving a much
greater level of expression than pMig-PSR2 (see Figure 27).

Figure 27 Transduction with the PSR2 retrovirus leads to much higher levels of shRNA
expression in NIH-3T3 cells than transduction with pMig-PSR2
RNA was prepared from cells transduced by PSR2 (lane 1), empty pMig (lane 2) and pMig-PSR2 (lane
3) and run on a denaturing polyacrylamide gel. The resulting northern blot was probed with siRNA2 to
detect the relevant shRNA and then stripped and reprobed with U6 snRNA as a loading control. The
much greater shRNA expression with PSR2 relative to pMig-PSR2 is clear.

This explains the difference in the level of knockdown achieved in NIH-3T3 by the
two retroviruses. This suggested that, if the level of knockdown achieved by PSR2 in
NIH-3T3 cells could also be achieved in T cells, it might be worth repeating the
experiments in 2.2.2 using puromycin selection to increase the proportion of
transduced cells. Accordingly, the same retroviral supernatant was used to transduce
both NIH-3T3 cells and primary T cells with the PSR2 retrovirus and the control
version of the pSUPER.retro.puro. derived retrovirus followed by puromycin
selection of both cell types. qPCR analysis of Hira knockdown confirmed that, while
pSUPER.retro.puro can deliver high levels of Hira knockdown in 3T3 cells, it could
not do so in T cells as shown in Figure 28.
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Figure 28 PSR2 retrovirus generates much higher levels of Hira knockdown in NIH-3T3 cells
than in T cells
Activated T cells and NIH-3T3 cells were both transduced using the same retroviral supernatant
harvested from Phoenix cells. The cells were puromycin selected over 3 days. RNA was then extracted
and Hira knockdown assessed by qPCR. The reduction in the level of knockdown in NIH-3T3 cells
compared to earlier experiments might be due to “over-passaged” Phoenix cells being used. Other
transductions using the same batch also had lower transduction efficiencies. It is known that
recombination of the gag pol and env transgenes in multiply passaged Phoenix cells results in both
reduced retroviral titre and reduced ability of the retrovirus to integrate into the target genome (Nolan
Lab. website).

Another retroviral plasmid (MLP) was identified from which retroviruses may be
derived whose genomic integration leads to expression of both “knockdown” shRNA
and GFP and also confers puromycin resistance on transduced cells. This vector has
been reported to generate superior knockdown compared to older shRNA-expressing
retroviral vectors in some instances (Dickins et al., 2005). The protocol for this vector
specifies that inserts should be based on an siRNA sequence of 22 nucleotides
whereas the pSUPER.retro.puro protocol is based on an siRNA sequence of 19
nucleotides. This means that there are 4 possible MLP shRNA cassette designs which
will incorporate the core 19 nucleotide siRNA sequence in a single Hira knockdown
pSUPER.retro.puro shRNA cassette. All of these were generated and the best of these
produced almost the same level of knockdown of Hira in NIH-3T3 as PSR2. More
importantly, it did achieve substantially better knockdown in T cells than PSR2 but
this was still only 44%. The level of HIRA deficiency achieved is still no better than
would be expected in Hira heterozygous KO cells which results in no PEV shift
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relative to wild type cells. As expected, no difference in PEV of the pericentromeric
transgene could be detected between 1.3B T cells subjected to transduction by “Hira
knockdown” constructs in MLP and negative control constructs.

2.3.3 RESULTS OF FRAP ON H3.3B-GFP ES CELLS
RNA was extracted separately from the two sets of H3.3B-GFP ES cells transduced
by the Hira knockdown retrovirus and by the control retrovirus respectively as
described in 2.3.1. Hira mRNA knockdown in the former relative to the latter was
estimated by qPCR at 55%.

The fluorescence recovery after photobleaching in 25 knockdown cells and 25
control cells showed a small average increase from 24% in control cells to 32% in
knockdown cells. However, as there was little inter-cell variability, this difference
was statistically significant (p=0.009 on a 1-tailed t test). Nevertheless, this is
substantially less than the 80%+ mobility found in Hira homozygous KO ES cells.

Since Hira knockout has been reported to derepress synthesis of core histones outside
of S phase in both S. cerevisiae (Sherwood et al., 1993) and in S. pombe (Takayama
and Takahashi, 2007), it is possible that this result might have been influenced by
increased transcription of H3.3B-GFP. No evidence of this was found by qPCR. This
is consistent with the subsequent finding (Goldberg et al., 2010) that relative
expression levels of H3.3B in murine Hira homozygous KO ES cells is 0.7x that seen
in murine Hira wt ES cells.
.
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2.3.4 DISCUSSION
The results in this chapter confirmed not only that the pMig-PSR2 retrovirus is
relatively ineffective in achieving Hira knockdown (perhaps because of silencing of
the H1-shRNA cassette) but also that T cells did not display effective siRNAmediated knockdown.
A map of the pMig-PSR2 plasmid is shown in Figure 29.

Figure 29 Schematic of pMig-PSR2
This figure shows pMig-PSR2 with the components of pMig and its transcriptional orientation in pink
and the elements of PSR2 and its transcriptional orientation in green.

No similar problem of a silenced shRNA cassette in pMig has been revealed by a
literature search. However, there are some interesting parallels with a paper
(Emerman and Temin, 1984) which reported the consequences of grouping two genes
with separate promoters in a retroviral plasmid on the subsequent expression of those
genes by transduced cells. The key findings of this paper for the results reported here
were
•

Epigenetic silencing of one of the two genes was a common event.

•

If the LTR was 5' to the coding sequence of both genes, it was more likely that
the gene silenced would be the gene whose transcription was controlled by the
other promoter.

•

Despite the above, there were usually subpopulations of cells in which both
genes were active
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If the pMig-PSR2 construct were to behave in this way, it would be expected to result
in frequent epigenetic silencing of the H1-shRNA cassette in some transduced cells,
less frequent silencing of GFP transcription when H1-shRNA transcription was active
and with variability in the number of cells in which there was no silencing.

The relative difficulty of achieving knockdown in T cells was in accord with earlier
findings (Oberdoerffer et al., 2005) that mature lymphocytes “undergo RNAi rather
inefficiently” although the reason for this is still unknown.

The FRAP experiment confirmed that it was possible to detect a phenotypic change
(albeit modest) even with moderate levels of HIRA deficiency. This suggested that
HIRA was not entirely redundant in respect of H3.3 incorporation and since then this
finding has been confirmed (Goldberg et al., 2010). However, it also suggested that
normal mammalian physiological levels of HIRA in the nucleus provided “spare
capacity” in “steady state” cell populations such that significant HIRA depletion
might be necessary in such populations to generate a significant phenotypic effect.
This inference pointed to two desirable features of further experiments
•

Experimental design needed to be optimised for sensitivity if other
phenotypic effects were to be detectable.

•

Any phenotypic effect was likely to be most readily detectable if the
HIRA-requiring pathways were under stress such that the steady state
“spare capacity” had been substantially reduced. As reported in 1.9,
HIRA has been shown to be involved in some changes in
transcriptional activity. Accordingly, the working hypothesis was
developed that HIRA demand might be increased in situations where
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transcriptional activity was changing (e.g. during gene activation on
differentiation) and that such situations should be the focus of further
investigation.
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2.4 HIRA KNOCKDOWN BY NUCLEOFECTION IN VITRO
Chapter 3 will point to the possibility that it may be necessary to achieve knockdown
of Hira prior to T cell activation if a HIRA-dependent effect on the PEV profile
following T cell activation is to be detected. Since retroviral transduction requires
prior T cell activation, the experimental system described in 2.2.1 may not have been
appropriate as a tool to detect the consequences of HIRA deficiency.
An alternative was to introduce siRNA directly into T cells, allow cellular RNAi
processes sufficient time to achieve a significant reduction in HIRA levels and then
activate the cells. However, as described previously (Oberdoerffer et al., 2005),
mature T cells undergo RNAi inefficiently with less than five times the level of
knockdown achieved in NIH 3T3 fibroblasts. (Mantei et al., 2008) reported that the
resistance of the siRNA to intracellular nuclease activity was critical to achieving
effective knockdown in T cells. Specifically, they established that siRNA that had
been chemically stabilised to resist nuclease activity resulted in substantially
improved levels of knockdown as measured by both the extent and longevity of
knockdown.
Chapter 3 will also suggest that HIRA would be more likely to mediate the activationinduced derepression of the transgene in silenced T cells from a strain where DNA
methylation and locus inaccessibility were relatively less important in the silencing
process than histone modifications e.g. the 1.3A14 strain (Hiragami-Hamada et al.,
2009).
It was also recognised that an effect of HIRA deficiency on activation-induced
transgene derepression would be easier to detect the larger the extent of transgene
derepression. This also supported the use of the 1.3A14 (transgene proximal to
pericentromeric heterochromatin) strain since nearly 70% of non-hCD2 expressing T
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cells from this strain become expressing after 3 days activation compared to only
12.6% in the case of the 1.3B (pericentromeric transgene) strain (Hiragami-Hamada et
al., 2009).

2.4.1 EXPERIMENTAL APPROACH
The aim in designing this experiment was to:1) Maximise the likely sensitivity of the experiment by choosing the 1.3A14
(transgene proximal to pericentromeric heterochromatin) strain. Accordingly,
T cells were dissected from the mesenteric lymph nodes of 1.3A14 mice
2) Achieve knockdown of Hira prior to activation by synthesising a chemically
modified siRNA sequence proven to knock down Hira in NIH-3T3 cells and
introducing this by nucleofection into the nucleus of hCD2 non-expressing
1.3A14 T cells as described in Materials and Methods. Another aliquot of the
same cells were treated with a control siRNA which had been chemically
modified in the same way. The cells were then left in non-activating
conditions for 24 hours to enable knockdown of Hira mRNA to take effect
and to deplete HIRA protein through normal degradation recognising that (De
Lucia et al., 2001) had reported a half-life for human HIRA of 12 hours.
3) Control for any effects of Hira knockdown on T cell proliferation since it is
known that activation-induced derepression is related to the extent of cell
proliferation. If HIRA deficiency reduces cell proliferation, it would result in
less derepression even if HIRA had no effect on the derepression process.
Accordingly, the cells were stained with CFSE at the outset of the procedure
as described in 6.7.12.
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2.4.2 RESULTS
The cells treated with Hira knockdown siRNA showed less hCD2 expression
than those treated with the control siRNA (see Figure 30).

Figure 30 Nucleofection of T cells with siRNA to knock down Hira reduces hCD2 derepression on
subsequent activation
T cells (CD8 cells shown in plot) were prepared from mesenteric lymph nodes dissected from 1.3A14
(transgene proximal to pericentromeric heterochromatin) mice. The cells were pooled, stained with
CFSE and split into two populations of which one was nucleofected with a chemically modified “Hira
knockdown” siRNA and the other with a control siRNA. After 24 hours, both populations were
activated. Three days later, the separate cell populations were stained and subjected to FACS analysis.

The proliferation control showed that there was a proliferation difference between the
cells treated with the two siRNAs. However, the cells with the same CFSE
fluorescence from each population and therefore the same proliferation still showed a
clear difference in their hCD2 expression level. Thus, when controlled for
proliferation, high CD2-fluorescence cells constituted 12% of the “control siRNA”
population but only 5% of the “Hira knockdown siRNA” population.
The level of Hira mRNA knockdown was assayed by qPCR at 48% at a point 72
hours after activation which is comparable to the level of mRNA reduction seen in
mice with a heterozygous Hira KO (2.1.1). However, given the transient nature of
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siRNA knockdown (Mantei et al., 2008), the level of mRNA reduction would be
expected to have been greater than this at the point of activation.

2.4.3 DISCUSSION
The above results relate only to one experiment. It would have been highly desirable
to have a number of replicates of this experiment in order both to optimise the level of
Hira knockdown achieved and to test the reliability of this result. Unfortunately, the
mice concerned were in the process of rederivation to a new animal facility and,
although it was repeatedly expected that further mice would become available,
continuing difficulties with the rederivation meant that these plans were frustrated.
There was debate as to whether this non-replicated result should be included in this
thesis. The reason for doing so is that later sections of this thesis show that the PEV of
a transgene located within pericentromeric heterochromatin (the 1.3B strain) was not
affected by HIRA deficiency whereas the PEV of a transgene located within
facultative heterochromatin (1.3A and Igf2(A.1) strains) was affected by HIRA
deficiency. The hCD2 transgene in the 1.3A14 strain is located close to but not within
pericentromeric heterochromatin and its sensitivity to HIRA deficiency is of interest
in the light of those results. The finding reported here would suggest that this issue is
worth further investigation.
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2.5 HIRA HOMOZYGOUS KNOCKOUT IN T CELLS IN VIVO
In 2.1, it was shown that variegation of the pericentromeric hCD2 transgene in 1.3B T
cells is not affected by Hira haploinsufficiency.

In 2.2.3, some experimental results suggested that Hira knockdown could
compromise the development of T cells relative to B cells from bone marrow stem
cells although there was no evidence of a similar effect in vivo caused by
haploinsufficiency.

The late availability of a Hira conditional knockout (CKO) mouse (see
Acknowledgements) made it possible to address whether any or all of these effects are
also seen in vivo in T cells that are fully deficient for HIRA.

2.5.1 EXPERIMENTAL APPROACH
The very late availability of the Hira CKO mouse meant that a highly abbreviated
breeding programme was required. This involved generation of two strains:1) A strain heterozygous for Hira KO, homozygous for a pericentromeric hCD2
transgene (1.3B) and homozygous for Cre recombinase (under the control of a
CD4 promoter).
2) A strain in which the neo cassette (flanked by frt sites) in the Hira CKO
construct (still present in the Hira CKO mice received) had been deleted by
crossing with Flp deleter mice

Crossing these strains produced pups heterozygous for Cre recombinase and an hCD2
transgene. The pups differed in the Hira alleles with the following combinations
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possible (wt,wt), (wt,KO), (wt,CKO), (KO,CKO). The last of these had one functional
Hira allele in all tissues except T cells where there was a full knockout of Hira. T cell
number and hCD2 variegation could be compared with those from pups with the
alternative Hira allele combinations. However, a cautionary note about these results is
that the abbreviation of the breeding programme meant that there were differences in
genetic background of F1 littermates whereas in 2.1 the crossing of two extensively
back-crossed strains meant that F1 littermates had identical genetic backgrounds.
Mice were genotyped for the relevant Hira alleles, for successful deletion of the
relevant exon in the CKO allele and for the absence of the neo cassette in the CKO
allele (in case of chimeric deletion in the germline of the parents).

Peripheral blood, T cells from mesenteric lymph nodes and thymocytes were analysed
by FACS. Additionally, RNA and protein was extracted from thymocytes to enable
examination of gene expression by microarray and to confirm absence of HIRA in the
(KO, CKO) mice.

2.5.2 RESULTS
2.5.2.1 T CELL/B CELL RATIO
Peripheral blood from two Hira (KO, CKO) mice carrying the pericentromeric 1.3B
transgene and from two control mice Hira (KO, wt) and Hira (CKO, wt) was
analysed by FACS for evidence of problems in T cell development. The results in
Table 9 show that one full knockout mouse had a very low ratio of T cells to B cells
whereas the other was indistinguishable in that respect from the control mice.
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GENOTYPE
CKO, KO
CKO, KO
KO, wt
CKO, wt

T CELL/B CELL RATIO (%)
21
71
95
65

Table 9 In peripheral blood from 1.3B (pericentromeric transgene) mice, the Hira (CKO, KO)
genotype may produce a low percentage of T cells but does not necessarily do so.
Four mice carrying a 1.3B transgene were bled and the peripheral blood antibody stained and FACS
analysed in the usual way. One of the samples from a mouse with homozygous Hira knockout in T
cells showed a low (21%) ratio of T cells to B cells than the samples from the two mice with Hira
heterozygous knockout. However, the other homozygous Hira knockout mouse blood sample did not
show a low ratio of T cells to B cells

2.5.2.2 CD4+ T CELL/CD8+ T CELL RATIO
Another finding from the peripheral blood samples was that the ratio of CD4+ T cells
to CD8+ T cells was raised in some but not all of the Hira (CKO, KO) mice. Thus,
Table 10 shows one of the 1.3B (pericentromeric transgene) Hira (CKO, KO) mice
with an elevated ratio relative to the heterozygous controls but not the other 1.3B Hira
(CKO, KO) mouse.
GENOTYPE
CKO, KO
CKO, KO
KO, wt
CKO, wt

CD4+/CD8+ T CELL RATIO (%)
115
206
115
133

Table 10 In peripheral blood from 1.3B (pericentromeric transgene) mice, the Hira (CKO, KO)
genotype may produce a high percentage of T cells that are CD4+ rather than CD8+ but does not
necessarily do so.
Four mice carrying a 1.3B transgene were bled and the peripheral blood antibody stained and FACS
analysed in the usual way. One of the samples from a mouse with homozygous Hira knockout in T
cells showed a higher (206%) ratio of CD4+ T cells to CD8+ T cells than the samples from the two
mice with Hira heterozygous knockout. However, the other homozygous Hira knockout mouse blood
sample did not show a similar difference from the controls
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A hypothesis which would link the results in this section with those in section 2.5.2.1
is that CD8+ cell development is adversely affected by the Hira (CKO, KO) genotype
leading to reduced T cell numbers and an increased ratio of CD4+ T cells to CD8+ T
cells. However, Table 11 shows that there is no clear correlation between these
observed effects of the Hira (CKO, KO) genotype.

hCD2 MOUSE STRAIN

T CELL/B CELL
RATIO
Low
Normal

1.3B
1.3B

CD4+/CD8+ T CELL
RATIO
Normal
High

Table 11 There is no apparent correlation between the effects of the Hira (CKO, KO) genotype
on changes in the T cell/B cell ratio and changes to the CD4+/CD8+ T cell ratio in peripheral
blood
The above table shows the Hira (CKO, KO) mice from the previous tables in this chapter and classifies
their T cell/B cell ratio and CD4+/CD8+ T cell ratios as “low”, “normal” or “high” as assessed against
the control mice from that cross. As can be seen, there is no apparent correlation between these
measures.

2.5.2.3 VARIEGATION OF HCD2 TRANSGENE IN T CELLS FROM THYMUS
AND MESENTERIC LYMPH NODES
There was no observable effect on the variegation of the pericentromeric hCD2
transgene in 1.3B mice of the Hira (CKO, KO) genotype relative to the Hira (wt, wt)
genotype.

2.5.3 DISCUSSION
HIRA dosage does not affect variegation of the pericentromeric hCD2 transgene in
1.3B mice. There were indications that absence of HIRA may disrupt the development
of T cells and this disruption may be more significant for CD8+ cells than for CD4+
cells. However, the numbers of mice used was small and the effects were not
consistently

correlated

with

Hira
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genotype

or

with

each

other.

CHAPTER 3 THE IMPACT OF HIRA DEFICIENCY ON
PEV IN FACULTATIVE HETEROCHROMATIN
Most of the mouse strains exhibiting PEV of the hCD2 transgene display a consistent
variegation profile during T cell maturation in the thymus and migration to the
periphery. However, the hypothesis outlined in 2.3.4 was that moderate levels of
HIRA deficiency might produce a discernible effect where the variegation profile was
changing.

There are two strains that display a changed variegation profile during maturation.
These are the 1.3A and the Igf2(A.1) strains described in 1.2.3 which are also unusual
in exhibiting PEV even though the hCD2 transgenes in these strains are integrated
remote from pericentromeric heterochromatin.

3.1 EFFECT OF HETEROZYGOUS KNOCKOUT OF HIRA ON
DYNAMIC CHANGES IN PEV

3.1.1 EXPERIMENTAL APPROACH
Mice from the 1.3A and Igf2(A.1) strains were crossed with Hira heterozygous KO
mice. F1 litter mates bearing the non-pericentromeric hCD2 transgene heterozygously
were selected and a comparison made using FACS of the hCD2 variegation observed
in T cells taken from mice that were wild type for Hira and those bearing a
heterozygous KO allele. The T cells were obtained from thymus and from mesenteric
lymph nodes.
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3.1.2 RESULTS
In peripheral T cells from the 1.3A strain, there was no evidence of any effect of Hira
heterozygosity on PEV of the non-pericentromeric transgene as shown in Figure 31.

Figure 31 Hira heterozygosity did not affect PEV of the non-pericentromeric hCD2 transgene in
T cells from mesenteric lymph nodes of 1.3A mice
T cells (plot shows CD4+ T cells) were taken from the mesenteric lymph nodes of F1 littermates from
crossing Hira heterozygous KO mice with 1.3A mice. FACS analysis showed that the 1.3A hCD2
transgene had the same variegation profile regardless of whether the mouse was Hira wild type or
carried a Hira heterozygous knockout

However, with the Igf2(A.1) strain, whose transgene is remote from pericentromeric
heterochromatin, there was an effect on the extent of variegation as HIRA deficient
mice had fewer hCD2-expressing T cells as shown in Figure 32.
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Figure 32 Hira heterozygosity affected PEV of the non-pericentromeric hCD2 transgene in T
cells from mesenteric lymph nodes of Igf2(A.1) mice
T cells (plot shows CD8+ T cells) were taken from the mesenteric lymph nodes of F1 littermates from
crossing Hira heterozygous KO mice with Igf2(A.1) mice. There were fewer cells with the hCD2expressing transgene in Hira heterozygous mice

This became clearer when the part of the plot relating to expressing cells was
magnified as shown in Figure 33.

Figure 33 An enlarged view of the relevant part of the plot shown in Figure 32
This enlarged version of the plot showed more variegation of the hCD2 transgene in Igf2(A.1)
thymocytes from mice that were heterozygous for Hira KO than for their littermates that were Hira wt.
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There were insufficient expressing cells in the thymus to compare the expression
profile for single positive thymocytes with the above plots. An initial review of the
double positive thymocytes from Igf2(A.1) mice showed no apparent differences of
variegation of the non-pericentromeric transgene between those that are Hira het KO
and their Hira wt littermates as shown in Figure 34.

Figure 34 Hira heterozygosity does not result in an immediately apparent difference in the
variegation of the non-pericentromeric Igf2(A.1) hCD2 transgene in double positive thymocytes.
The thymus was dissected from Igf2(A.1) mice that were heterozygous for Hira KO and from their
wild type litter mates. Double positive (CD4+CD8+) thymocytes were analysed by FACS for hCD2
fluorescence. Initial examination did not reveal apparent differences.

However, magnification of the plot (see Figure 35) relating to expressing cells
showed a significant difference with HIRA deficient cells having a smaller number of
expressing cells.
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Figure 35 An enlarged view of the relevant part of the plot shown in Figure 34
In this enlarged plot, it could be seen that the number of hCD2-expressing double positive
(CD4+CD8+) thymocytes was approximately 50% less in mice that were heterozygous for Hira as
compared to their wild type littermates.

These results shown are representative of three litters of pups. However, a fourth litter
showed no discernible difference in transgene PEV between littermates which were
Hira wild type and those which were heterozygous for the Hira KO allele. The
reasons for this are not known.

The double positive thymocytes from 1.3A mice displayed a striking difference in
variegation of the non-pericentromeric hCD2 transgene comparing Hira heterozygous
mice and their wild type littermates as shown in Figure 36. This plot is representative
of the differences seen in all three litters.
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Figure 36 Hira heterozygosity resulted in a substantial increase in variegation of the nonpericentromeric hCD2 transgene in 1.3A double positive thymocytes
The thymus was dissected from 1.3A mice that were heterozygous for Hira KO and from their wild
type litter mates. Double positive (CD4+CD8+) thymocytes were analysed by FACS for hCD2
fluorescence. Significant differences could be seen between the FACS plots when they were scaled to
equalise the mode count demonstrating that Hira heterozygosity resulted in increased variegation of the
1.3A transgene (note the three local modes as compared to the two local modes in hCD2 fluorescence
of Igf2(A.1) thymocytes – see Figure 32)

In this strain, there are enough expressing cells to examine single positive thymocytes.
However, the differences in variegation profile of the hCD2 transgene in Hira
heterozygotes compared to their wild type littermates are generally somewhat less for
CD4+ thymocytes (Figure 37) and smaller still for CD8+ thymocytes (Figure 38).

Figure 37 Hira heterozygosity increased the variegation of the non-pericentromeric hCD2
transgene of 1.3A CD4+ thymocytes
This FACS plot relates to a different 1.3A litter from that shown in Figure 36 but the method of
thymocyte preparation and FACS analysis were the same.
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Figure 38 Hira heterozygosity slightly increased the variegation of the non-pericentromeric hCD2
transgene of 1.3A CD8+ thymocytes
This FACS plot relates to the same 1.3A litter as that shown in Figure 37. Variegation of the hCD2
transgene in these CD8+ thymocytes was only slightly increased by Hira heterozygosity. There was a
substantial difference in variegation of the hCD2 transgene between single positive CD4+ and single
positive CD8+ thymocytes in this strain as is evident from comparing this figure and Figure 37.

As single positive T cells of the Igf2(A.1) strain migrate from the thymus to the
periphery, the variegation profile of the non-pericentromeric transgene continues to
change in the direction of reduced variegation as may be seen in Figure 39.
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Figure 39 Single positive T cells from Hira wild type Igf2(A.1) mice display less variegation of the
non-pericentromeric transgene in the mesenteric lymph nodes than in the thymus
Thymus and mesenteric lymph nodes (MLN) were dissected from an Igf2(A.1) mouse which was Hira
wild type. T cells were antibody-stained for FACS analysis. Single positive mature T cells
(TCRβ+CD8+ in plot) from the mesenteric lymph nodes showed less variegation of the hCD2
transgene than the same cells in the thymus.

A more marked reduction in variegation of the non-pericentromeric hCD2 transgene
on migration of single positive T cells from the thymus to the periphery was seen in
1.3A mice as shown in Figure 40.

106

Figure 40 Single positive T cells from Hira wild type 1.3A mice display less variegation of the
non-pericentromeric hCD2 transgene in the mesenteric lymph nodes than in the thymus
Thymus and mesenteric lymph nodes (MLN) were dissected from a 1.3A mouse which was Hira wild
type. T cells were antibody-stained for FACS analysis. Single positive mature T cells (TCRβ+CD4+ in
plot) from the mesenteric lymph nodes showed less variegation of the hCD2 transgene than the same
cells in the thymus.

3.1.3 DISCUSSION
Comparing these results with those in 2.1 raises a number of questions:1) Apart from the chromosomal insertion point of the hCD2 transgene (see
Figure 5) what distinguishes the Igf2(A.1) and 1.3A strains (where hCD2
variegation does vary with HIRA dosage) and 1.3B and 1.3A14 strains for
which no such variation is observed?
2) Why should the dosage effect produce the differences seen?

The most obvious difference between these strains which correlates with sensitivity to
HIRA dosage is that the hCD2 variegation profile is stable in 1.3B (pericentromeric
transgene) and 1.3A14 (transgene proximal to pericentromeric heterochromatin) but
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progresses over time in 1.3A and Igf2(A.1), which both carry non-pericentromeric
transgenes, such that there is a steadily increasing proportion of expressing cells. If
HIRA is involved in the establishment of a change to the variegation profile, a
deficiency might lead to that population of cells increasing the proportion of
expressing cells more slowly.

However, this model does not explain why, despite their both carrying nonpericentromeric transgenes, the 1.3A strain shows a significant dosage effect in
CD4+CD8+ thymocytes (and to a lesser extent in CD4+ thymocytes) but not in T
cells from mesenteric lymph nodes whereas the Igf2(A.1) strain shows a dosage effect
in both thymocytes and peripheral T cells. In this respect, it should be noted that the
hCD2 transgene in Igf2(A.1) single positive thymocytes is virtually fully repressed
(see Figure 39) whereas, as can be seen from Figure 40, in 1.3A single positive
thymocytes the non-pericentromeric hCD2 transgene is largely expressing, albeit
generally at a low level.

This suggests a model in which the expression of an individual cell can vary through a
number of states. The states might relate to the number of copies of the transgene that
are silenced i.e. at the lowest level (state 0), expression of all copies of the transgene
array is silenced. The next state up (state 1) involves some transgene expression
(perhaps one copy of the transgene expressing), then two copies (state 2) and so forth.
Alternatively, the states might relate to the rate of transcription through the transgene
array i.e. state 0 might involve basal transcription only through the transgene array,
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the next state up would involve a somewhat higher rate of transcriptional initiation
through the transgene array and so forth.
This raises the question of the molecular changes that might be mediated by HIRA
which would modify an epigenetic state. Evidence from the 1.3B (pericentromeric
transgene) and 1.3A14 (transgene proximal to pericentromeric heterochromatin)
mouse strains (Hiragami-Hamada et al., 2009) points to two forms of transgene
silencing (one unstable and one stable) where unstable gene silencing is correlated
with a variety of histone modifications but generally not correlated with the DNA
methylation and locus inaccessibility changes seen with stable gene silencing. If the
non-pericentromeric transgenes in the 1.3A and Igf2(A.1) strains are silenced by
histone modifications, then changes to these (mediated by HIRA) would open the
opportunity for transgene expression.

If HIRA is an important component of the state change mechanism of nonpericentromeric transgenes from state 0 to state 1 but is much less important for
higher order state changes, then the effect of HIRA deficiency will be insignificant for
a population of cells all of which have reached at least state 1 (as appears to be the
case for the single positive 1.3A thymocytes). However, it will be important for a
population of cells of which a significant proportion remain in state 0 such as the
Igf2(A.1) single positive thymocytes as they move into the periphery.

It might be argued that, if there is an initial lag in the shift of variegation profile, one
might expect to be able to detect a residue of this initial lag in HIRA deficient cells at
a later stage in development. On the other hand, if the migration to progressively
greater expression states beyond state 0 involves stochastic changes which are not
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HIRA-dependent, then these later changes will generate an element of randomness
that will increasingly mask the initial differences between two populations of cells. In
other words, a prediction of such a model is that the further in time after the point at
which HIRA initiates the change in transcriptional potential, the harder it will be to
discriminate between HIRA-deficient and normal cells.

If this model is correct, a hypothesis which follows from this is that those nonexpressing cells from a variegating strain which become expressing after T cell
activation, may do so via a HIRA-dependent initial stage. If this is so, the attempts
described in 2.2.2 to detect the effect of transduction by a Hira knockdown retrovirus
on PEV may have been misconceived. Since activation of T cells takes place 24 hours
before transduction, the initial stage of status change from non-expressing to
expressing may occur prior to any reduction on HIRA levels and, by the time that
HIRA levels are reduced, further changes in the PEV profile may not be HIRAdependent.
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3.2 HIRA HOMOZYGOUS KNOCKOUT IN T CELLS IN VIVO
In 2.1, it was shown that variegation of the pericentromeric hCD2 transgene in 1.3B T
cells is not affected by Hira haploinsufficiency whereas 3.1 showed that there is an
effect on the variegation profile of the non-pericentromeric transgenes in Igf2(A.1) T
cells and 1.3A thymocytes.

In 2.2.3 and 2.5.2, some experimental results suggested that Hira knockdown could
compromise the development of T cells relative to B cells from bone marrow stem
cells although there was no evidence of a similar effect in vivo caused by
haploinsufficiency.

As with the 1.3B (pericentromeric transgene) mice in 2.5, the availability of a Hira
conditional knockout (CKO) mouse makes it possible to address whether any or all of
these effects are also seen in vivo in T cells that are fully deficient for HIRA.
However, the late availability meant that only a small number of mice could be
analysed within the time available.

3.2.1 EXPERIMENTAL APPROACH
The same approach was used as described in 2.5 to develop a mouse strain that was
heterozygous for Hira KO, homozygous for Cre recombinase and homozygous for the
non-pericentromeric hCD2 transgene from the Igf2(A.1) strain. It was also seen as
highly desirable to generate a similar strain based on the 1.3A transgene since it had
been observed (see 3.1) in the 1.3A mice that the initial difference between Hira KO
and Hira wt littermates in variegation of the non-pericentromeric hCD2 transgene in
double positive thymocytes became less apparent in single positive thymocytes and
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undetectable in T cells from mesenteric lymph nodes. It was not clear whether this
“decay” was due to the initial change in variegation being absolutely HIRAdependent and that the lower dose of HIRA in the Hira het KO resulted in this
eventually happening in all cells or whether this was a change which was accelerated
by HIRA but would have happened, albeit more slowly, in the complete absence of
HIRA. A 1.3A non-pericentromeric transgene combined with a Hira (CKO, KO)
genotype would have made it possible to distinguish between these possibilities.
Unfortunately, the mouse rederivation programme mentioned in 2.4.3 meant that no
suitable 1.3A mice were available for this breeding programme. However, the
Igf2(A.1) strain mentioned above was crossed with the Hira CKO strain described in
2.5.
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3.2.2 RESULTS
3.2.2.1 T CELL/B CELL RATIO

Peripheral blood from four Hira (KO, CKO) mice carrying the non-pericentromeric
Igf2(A.1) transgene and from two control mice Hira (wt, wt) and Hira (CKO, wt) was
analysed by FACS for evidence of problems in T cell development. Table 12 shows
that while two of the full knockout mice had extremely low T cell to B cell ratios, a
third was very similar to the controls and the fourth had an abnormally high ratio.
GENOTYPE
CKO, KO
CKO, KO
CKO, KO
CKO, KO
CKO, wt
wt, wt

T CELL/B CELL RATIO (%)
9
10
35
172
38
38

Table 12 In peripheral blood from Igf2(A.1) mice, the Hira (CKO, KO) genotype may produce a
variable ratio of T cells to B cells relative to other mice with a Hira (CKO, wt) or Hira (wt, wt)
genotype
Six mice carrying the non-pericentromeric Igf2(A.1) transgene were bled and the peripheral blood
antibody stained and FACS analysed in the usual way. Two of the samples from mice with
homozygous Hira knockout in T cells showed a low (9% and 10% respectively) ratio of T cells to B
cells relative to the samples from the mice which were Hira heterozygous knockout or Hira wild type
(both 38%). However, a third homozygous Hira knockout mouse blood sample showed an unusually
high ratio of T cells to B cells (172%) whereas the fourth Hira homozygous knockout mouse blood
sample was similar to that of the control mice.

3.2.2.2 CD4+ T CELL/CD8+ T CELL RATIO
Another finding from the peripheral blood samples was that the ratio of CD4+ T cells
to CD8+ T cells was raised in some but not all of the Hira (CKO, KO) mice. Thus,
Table 13 shows three of the Igf2(A.1) Hira (CKO/KO) mice with an elevated ratio
relative to the heterozygous control and the wild type control but not the other
Igf2(A.1) Hira (CKO, KO) mouse.
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GENOTYPE
CKO, KO
CKO, KO
CKO, KO
CKO, KO
CKO, wt
wt, wt

CD4+/CD8+ T CELL RATIO (%)
113
206
209
195
75
126

Table 13 In peripheral blood from Igf2(A.1) mice, the Hira (CKO, KO) genotype may produce a
high percentage of T cells that are CD4+ rather than CD8+ but does not necessarily do so.
Six mice carrying the non-pericentromeric Igf2(A.1) transgene were bled and the peripheral blood
antibody stained and FACS analysed in the usual way. Three of the samples from mice with
homozygous Hira knockout in T cells showed a high (206%, 209% and 195% respectively) ratio of
CD4+ T cells to CD8+ T cells relative to the samples from the mice which were Hira heterozygous
knockout or Hira wild type (75% and 126% respectively). However, the fourth Hira homozygous
knockout mouse blood sample was similar to that of the control mice.

As in 2.5.2, Table 14 shows that there is no clear correlation between these observed
effects of the Hira (CKO, KO) genotype on reduced T cell numbers and an increased
ratio of CD4+ T cells to CD8+ T cells.
hCD2 MOUSE STRAIN
Igf2(A.1)
Igf2(A.1)
Igf2(A.1)
Igf2(A.1)

T CELL/B CELL
RATIO (%)
Low
Low
Normal
High

CD4+/CD8+ T CELL
RATIO
Normal
High
High
High

Table 14 There is no apparent correlation between the effects of the Hira (CKO, KO) genotype
on changes in the T cell/B cell ratio and changes to the CD4+/CD8+ T cell ratio in peripheral
blood
The above table shows the Hira (CKO, KO) mice from the previous tables in this chapter and classifies
their T cell/B cell ratio and CD4+/CD8+ T cell ratios as “low”, “normal” or “high” as assessed against
the control mice from that strain. As can be seen, there is no apparent correlation between these
measures.

3.2.2.3 VARIEGATION OF HCD2 TRANSGENE IN T CELLS FROM
MESENTERIC LYMPH NODES

Mesenteric lymph nodes were dissected from three Igf2(A.1) mice bearing a nonpericentromeric hCD2 transgene with the Hira genotype of (CKO, KO), (CKO, wt)
and (wt, wt). For these mice, there were clear differences in relation to the variegation
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of the transgene between the various genotypes. Specifically, the plot in Figure 41
shows two “peaks” in the hCD2 fluorescence profile of the Hira wt and the Hira
heterozygote. The “peak” that corresponds to the larger of the two hCD2 fluorescence
levels is reduced in size in the Hira heterozygote as compared to the Hira wt (as seen
in 3.1) and eliminated entirely in the Hira homozygous knockouts. In addition, there
is a clear weakness of silencing in the Hira homozygous knockouts in the population
that would normally be hCD2 non-expressing (the distribution of cells in the Hira
(CKO, KO) mouse in Figure 41 is shifted to somewhat higher levels of hCD2
fluorescence).

Figure 41 Hira heterozygotes show a reduction in the population of hCD2-expressing cells in T
cells from the mesenteric lymph nodes of Igf2(A.1) mice. In those mice where there is a full
knockout of Hira, the characteristic bimodal peak of the non-pericentromeric variegating
transgene disappears.
Mesenteric lymph nodes were dissected from three Igf2(A.1) mice of different Hira genotype. T cells
were extracted from these and antibody stained in the usual way. The FACS plot shows hCD2
fluorescence for CD8+ cells. As seen previously in Hira heterozygotes, there was a reduction in the
hCD2-expressing cell population (i.e. a smaller “peak”) and, in the full knockout of Hira, the hCD2expressing “peak” had disappeared entirely. There is also an increase in the fluorescence of the hCD2
non-expressing cells (seen most clearly in the shift of the population mode). The net effect is loss of the
typical bimodal variegation profile.
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3.2.3 DISCUSSION
There was clear evidence (albeit from a very small sample) of a dose-dependent effect
of HIRA on the expression of the non-pericentromeric hCD2 transgene in Igf2(A.1)
mice in that heterozygosity reduced the cohort size of an hCD2-expressing population
of cells and full knockout of Hira reduced the size of this population further.
Of particular interest was that the silencing of the non-pericentromeric transgene in
Igf2(A.1) mice was impaired by full Hira knockout. This would suggest that HIRA
may be needed to ensure complete silencing of genes within facultative
heterochromatin.
There were indications that absence of HIRA may disrupt the development of T cells
and this disruption may be more significant for CD8+ cells than for CD4+ cells.
However, the numbers of mice used was small and the effects were not consistently
correlated with Hira genotype or with each other.
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CHAPTER 4 THE IMPACT OF HIRA DEFICIENCY ON
DIFFERENTIATION AND CELL CYCLE
4.1 EFFECT OF HIRA DEFICIENCY ON GENE REGULATION
DURING DIFFERENTIATION
Chapter 3 demonstrated that HIRA deficiency can affect maturational changes in the
transcriptional status of a transgene. This effect has been attributed to transgene
insertion occurring within a region of facultative heterochromatin in immature T cells
(Festenstein et al., 1999) which becomes genetically active as T cells mature. If this
supposition is correct and HIRA plays a role in the developmental reorganisation of at
least some facultative heterochromatin, it is possible that HIRA deficiency may affect
the developmental regulation of some endogenous genes.

The questions to be addressed were whether HIRA deficiency affects the
transcriptional changes seen during cell differentiation and whether these changes
affect both gene upregulation and gene downregulation during differentiation of ES
cells. In view of the in vivo observations with 1.3A mice (see 3.1) that HIRA
deficiency appeared to slow the rate of initial changes in the transcriptional rate of a
non-pericentromeric transgene but that this did not appear to change the end state
transcriptional rate, it was decided to examine the transcriptional profile of
differentiating cells before differentiation was complete.

It was also recognised that it might be difficult to arrive at conclusions from this stage
of the work which satisfied normal statistical confidence intervals since other
researchers had experienced problems with the level of inter-replicate variability
when differentiating ES cells (Mansergh et al., 2009).
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4.1.1 EXPERIMENTAL APPROACH
A panel of ten genes had been identified from an earlier paper (Kelly and Rizzino,
2000) as genes that display substantial transcriptional changes (up/down regulated by
a factor of at least seven) when murine ES cells differentiate to neural progenitor cells
(NPCs). qPCR primers were designed and tested for each of these genes so that
relative mRNA expression levels (normalised to 18S) could be compared.

E14 ES cells were transduced using the same PSR2 (Hira knockdown) and PSRNCS
(control) vectors used in 2.2. Cells from the same strain were then split into two
flasks. The first was treated as a normal ES cell culture while the other was cultured
in conditions (see Materials and Methods) which induced differentiation into NPCs.
After 3 days, all cell cultures were subjected to RNA extraction.

At a later stage, an aliquot of Hira homozygous KO ES cells (see 1.14.3) was
obtained together with Hira wild type ES cells from which the former had been
generated. These cells were treated in the same way as the transduced E14 ES cells
described above.
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4.1.2 RESULTS FROM TRANSDUCED E14 ES CELLS
Two separate transduced sets of ES cells were generated with an average Hira
knockdown assessed by qPCR at 60% (i.e. mRNA copy number at 40% of wild type
level). As expected, there was considerable inter-replicate variability but, with one
exception, the results of two separate biological replicates enabled the ten genes to be
classified into three populations:•

Three genes whose expression in ES cells were not significantly affected
(within a margin of 20%) by Hira knockdown but where Hira knockdown
reduced

the

transcriptional

change

normally

associated

with

cell

differentiation. Figure 42 shows those genes where the extent of upregulation
on differentiation (Dlk1 and Krt18) or the extent of downregulation (Mycn) in
control transduced ES cells was reduced
knockdown” transduced ES cells

119

by between 38-65% in “Hira

Reduction in transcriptional
change on differentiation

90%
80%
70%
60%

Dlk1

50%

Krt18

40%

Mycn

30%
20%
10%
0%
Genes

Figure 42 Three genes where the magnitude of transcriptional change on differentiation of ES
cells was reduced by HIRA deficiency
All three genes shown undergo large transcriptional changes when ES cells differentiate to become
neural progenitor cells. The extent of this change was measured in control transduced ES cells and in
“Hira knockdown” transduced ES cells. The solid bars show the average percentage by which the
transcriptional change in the control cells was reduced in the “Hira knockdown” cells. The “error bars”
show the range in percentage reductions for each of the biological replicates. Expression of these genes
was not significantly different between the control transduced ES cells and the “Hira knockdown”
transduced ES cells.

•

Three genes where there was a substantial effect of Hira knockdown on
transcription in ES cells (i.e. transcriptional change of more than 50%) and
where, in all cases, the effect was in the opposite direction to that arising on
differentiation. Thus, as can be seen in Figure 43, Cek5 receptor ligand and
IRS-1 (both upregulated on differentiation) showed reductions in expression
in the “Hira knockdown” transduced ES cells while Etv4 (downregulated on
differentiation) showed an increase in expression in the “Hira knockdown”
transduced ES cells. This was surprising since a recent analysis of expression
differences between Hira homozygous KO ES cells and wild type ES cells
(Goldberg et al.) found that most genes were not significantly dysregulated.
On the other hand, the authors’ GEO accession data showed that they did not
consider the expression of Cek5 receptor ligand or IRS-1 and they found an
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average 28% increase in expression of Etv4 in Hira homozygous KO ES cells
relative to wild type controls whereas the results reported here show an
increase of just over 50%.

80%
Change in expression in
"knockdown" ES cells

60%
40%
20%

Cek5

0%

IRS-1

-20%

Etv4

-40%
-60%
-80%
-100%
Genes

Figure 43 Cek5 receptor ligand, IRS-1 and Etv4 are all dysregulated in “Hira knockdown”
transduced ES cells relative to control transduced ES cells and this dysregulation is in the
opposite direction to the change in expression level on differentiation
All three genes show expression changes of more than 50% in “Hira knockdown” transduced ES cells
relative to control transduced ES cells. This effect might also have been seen if the control ES cells
were partially differentiated and the gene expression levels in those cells had therefore changed relative
to the “Hira knockdown” cells. However, if this were the case, the other seven genes being considered
would have been expected to show dysregulation of similar extent and direction. This was not the case.
The “error bars” show the range of percentage changes in expression for each of the biological
replicates.

•

Three genes (Igf2, Ttf1 and Fgf4) where there was no significant effect of
HIRA deficiency on transcription in either ES cells or in differentiated cells as
can be seen from the example of Igf2 in Figure 44.
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Copy number

300
NPC

250

NPC

200
150
100
50

ES

ES

0
Control

Hira knockdown

Figure 44 The remaining genes appear unaffected by HIRA deficiency both in ES cell
transcription and in rate of transcriptional change on differentiation
The example shown is Igf2 (the other genes were Ttf1 and Fgf4) and the figure shows the qPCR
determined average copy numbers in control transduced ES cells, “Hira knockdown” transduced ES
cells and their differentiated counterparts. The “error bars” show the range in copy numbers for each of
the biological replicates.

4.1.3 RESULTS FROM HIRA HOMOZYGOUS ES CELLS
These cells were a gift from Institute of Child Health (ICH) via a collaborator of
theirs as ICH’s original batch of cells had irrecoverable mycoplasma. The original
paper (Roberts et al., 2002) relating to the Hira homozygous KO embryos generated
from the same targeting construct confirmed that no mRNA transcripts were detected
using RT-PCR and three different sets of primers. However, using a different set of
primers, a significant copy number of Hira mRNA transcripts was found in the RNA
extracted from the putative Hira homozygous ES cells. Accordingly, the qPCR was
repeated using a pair of primers referred to as 23F and 24R in the original paper and
these too confirmed a material number of Hira mRNA transcripts. DNA from the
cells were tested by PCR and showed clear presence of the wild type allele.

The donor of the cells confirmed the genotyping result. However, they had confirmed
the absence of HIRA in these ES cells by western blot. They were unable to reconcile
this apparent contradiction and, given the uncertainty, it was decided not to proceed
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with the full range of qPCR experiments. Interestingly, initial results (not repeated for
the reasons given above) showed a very similar transcriptional change to that seen in
Figure 42 for Dlk1 but virtually no effect on Mycn. This might suggest either a strain
difference in gene sensitivity to HIRA deficiency or that Mycn sensitivity represented
a material selective disadvantage in the homozygous Hira KO ES cell line.

4.1.4 DISCUSSION
These results confirm that HIRA affects the transcriptional change of some genes as
ES cells differentiate to neural progenitor cells even where the expression levels in ES
cells are not significantly modified by HIRA deficiency. The fact that changes in
expression of the majority of these genes on differentiation are not affected by HIRA
deficiency would suggest that there are HIRA-independent mechanisms for managing
the process of varying the rate of transcription for those genes.

The finding that some genes appear to vary their transcriptional rate in ES cells in the
presence of HIRA deficiency was already known (Goldberg et al., 2010). What is
more surprising is that a high percentage of the genes selected for this experiment
show this variation compared to the relatively small percentage in the genome as a
whole (<1%). It may be that HIRA-dependent regulation is a more important factor in
genes that display large changes in transcriptional rate. It is not clear whether there is
any significance in the finding that the direction of dysregulation of these three genes
in ES cells is related to the direction of transcriptional change on differentiation.
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It would certainly be desirable to repeat these experiments with validated Hira
homozygous KO ES cells and to test a wider panel of genes whose expression levels
change markedly during ES cell differentiation.
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4.2 HIRA DEFICIENCY AND CELL CYCLE DYSREGULATION
4.1 demonstrated that HIRA deficiency can affect gene regulation during
differentiation. In addition, certain cell cycle genes have been reported as
dysregulated in chicken DT40 cells with homozygous knockout of Hira (Ahmad et
al., 2005). Accordingly, it was decided to investigate whether there was similar
dysregulation of cell cycle genes in mice by generating HIRA deficiency in NIH-3T3
cells.

There was particular interest in the cell cycle gene Cdc25B as
•

CDC25B is a phosphatase believed to activate CDK1/CyclinB at the
centrosome which triggers spindle assembly. Before it can do this,
phosphorylation of CDC25B by Aurora A is required – for a review see
(Kiyokawa and Ray, 2008).

•

Cdc25B mRNA was reported as downregulated to 30% of normal in chicken
DT40 cells with homozygous knockout of Hira. These cells also had an
extended cell cycle length

•

In S. pombe, knockout of either of the homologues of Hira also results in an
extended cell cycle length (Blackwell et al., 2004) together with synthetic
lethality when combined with cdc25-22 (a temperature sensitive allele of
cdc25).
The expression profile of murine Cdc25B is cell cycle regulated as shown in
Figure 45. If HIRA deficiency were to result in defective upregulation, this
would result in an apparent downregulation of the gene over the cell cycle as a
whole.
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Figure 45 Cdc25B transcription was cell cycle regulated and was maximal in G2/M
The above figure is taken from (Korner et al., 2001) and shows Cdc25B expression in NIH 3T3 cells
(as measured by a luciferase reporter) at various time points after release of cells from G0.

•

Upregulation of Cdc25B requires the activator NF-Y (Gatta and Mantovani,
2008) which binds to H3-H4 in the promoter region of Cdc25B. Since HIRA
deficiency appears to interfere with H3.3 integration into chromatin in certain
genomic locations (Goldberg et al., 2010), it appeared plausible that HIRA
deficiency might affect NF-Y binding and hence Cdc25B activation.

4.2.1 EXPERIMENTAL APPROACH
The approach consisted of four steps:1) Generation of NIH-3T3 cells transduced by the PSR2 Hira knockdown
retrovirus and a control retrovirus and subsequently selected by puromycin
2) Use of RNA extracted from these two cell lines to validate qPCR primers for
Cdc25B using 18S rRNA as the control
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3) Generation from these cell lines of cell populations specific to particular cell
cycle stages using the techniques of timed release from G0 and elutriation. The
efficiency of the elutriation process was confirmed by propidium iodide (PI)
staining a sample of each fraction.
4) Extraction of RNA from these cell cycle specific populations to enable
determination of the effect of HIRA deficiency on cell cycle regulation of
Cdc25B

4.2.2 RESULTS – OVERALL CDC25B DYSREGULATION
It was established by qPCR that Cdc25B mRNA levels in Hira knockdown transduced
NIH-3T3 cells were upregulated by more than 100% relative to control transduced
cells. As this was a surprising difference to the findings of a 70% downregulation
reported in chicken (Ahmad et al., 2005), an attempt was made to compare murine
Cdc25B with chicken Cdc25B. However, this was not possible as this gene has not
been identified in chicken according to both Ensembl and UCSC. This issue is
covered further in 4.2.5. This result does not support the hypothesis that HIRA
deficiency in mice leads either to downregulation or to defective upregulation of
Cdc25B.
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4.2.3 RESULTS – CDC25B DYSREGULATION IN CELL FRACTIONS
RELEASED AFTER G0 SYNCHRONISATION
After release from G0, NIH-3T3 cells had been cultured for various time intervals
before RNA extraction. The Cdc25B mRNA levels normalised to 18S rRNA levels
are shown in Figure 46.
Cdc25B mRNA levels following G0 release
35.0
Copy number

30.0
25.0
20.0

Control

15.0

Hira knockdown

10.0
5.0
0.0
0

5

10

15

20

25

Hours

Figure 46 Release of cells from G0 does not support the hypothesis of a delay in upregulation of
Cdc25B in HIRA deficient cells
NIH-3T3 cells were transduced by the PSR2 retrovirus and a control retrovirus. After puromycin
selection, a number of flasks of each cell line were prepared and serum starved for 3 days so that all
cells entered G0. Subsequently, they were released from G0 by addition of serum-containing medium
for different periods of time and relative mRNA levels for Cdc25B determined by qPCR.

These results do not support the initial hypothesis of a gene activation “block” in the
Hira knockdown cells but nor do they show why Hira knockdown cells at the
population level show substantial upregulation of Cdc25B mRNA.
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4.2.4 RESULTS – CDC25B DYSREGULATION IN CELL FRACTIONS
GENERATED BY ELUTRIATION

Six fractions were collected from each cell line (fraction 1 being the smallest cells
(G1) and fraction 6 being the largest (G2/M)). mRNA was extracted from each sample
and Cdc25B mRNA levels determined by qPCR and normalised to 18S rRNA. The
results are shown in Figure 47.

Cdc25B mRNA levels of elutriated fractions
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Figure 47 Comparison of the elutriated fractions points to a much higher level of Cdc25B mRNA
in the final (G2/M) fraction of the Hira knockdown cells than in the control cells
The same cell lines as in Figure 46 were cultured and elutriated. RNA was prepared from the separate
elutriated cell fractions and relative Cdc25B mRNA levels determined by qPCR

These show very similar Cdc25B mRNA levels in Hira knockdown cells in the earlier
stages of the cell cycle and then a large “overshoot” in G2/M.
However, examination of the PI profiles for each elutriated fraction shows that the
control cell elutriation did not produce fractions that were as “clean” as those
produced when the Hira knockdown cells were elutriated i.e. the 6th fraction of the
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Hira knockdown cells contains fewer small (G1) cells than the 6th fraction of the
control cells as can be seen in Figure 48.

Figure 48 Comparison of the elutriation efficiency for the final (G2/M) fractions for Hira
knockdown and control cell lines shows more G1 cells in the control cell fraction
A sample of cells was withdrawn from each elutriated sample, PI stained and analysed by FACS. The
larger cells (and hence those further advanced through the cell cycle) are on the right hand side of each
plot. Ideally, the FACS profile for each fraction would show a tight single peak for each fraction

Although there is no mathematically rigorous way of determining what Figure 47
would look like if the cell size mix in each fraction was the same for each cell line, a
more approximate adjustment for the difference in size mix suggests that the smaller
Hira knockdown fractions would have slightly higher Cdc25B mRNA levels than the
equivalent control cell fraction and the largest Hira knockdown fraction would have
slightly more than double the Cdc25B mRNA levels of the equivalent control cell
fraction.
The FACS plots of the PI stained unsorted cells are shown in Figure 49. These FACS
plots were produced on different machines on different days and were not therefore
entirely comparable. However, there was a larger percentage of the population in
G2/M in the knockdown cells (approximately 50%).
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Figure 49 FACS analysis of the unsorted PI stained cells shows approximately 50% more cells in
G2/M in the Hira knockdown cell line than in the control cell line
A sample of each cell line was taken prior to elutriation, PI stained and analysed by FACS. The
percentages in the G2/M populations were determined by gating on these cells

4.2.5 DISCUSSION
These results do not support the hypothesis that Cdc25B is downregulated in HIRA
deficient mammalian cells. Indeed, conversely, it could be argued that there is
upregulation in G2/M. However, this may be a consequence of the apparent
temporary arrest of these cells in G2/M during which stage Cdc25B is known to be
maximally expressed (see Figure 45) i.e. the high mRNA levels may simply result
from the same rate of transcription as in the control cells but continued for longer. If
so, the consequences of HIRA deficiency for cell cycle delay may be self-limiting if
similar mechanisms apply in mice as in S.pombe where (Kanoh and Russell, 2000)
established that overexpression of Cdc25 could suppress the mitotic delay caused by
knockout of Slm9. In other words, if normal levels of CDC25B do not lead to mitosis,
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the cell remains in G2/M and, as a result, CDC25B levels increase further until
eventually they reach a point at which mitosis is triggered.
Important questions remain as to the cause of the mitotic delay as well as to the very
different effects of HIRA deficiency on a putative Cdc25B gene in chicken
(downregulated 70%) and on the Cdc25B gene in mouse (upregulated by more than
100%). (Ahmad et al., 2005) stated that mRNA levels had been determined by using
primers designed from information available on chicken expressed sequence tags
(ESTs). NCBI have several ESTs on their database which are labelled as chicken
Cdc25B but none of these have a sequence consistent with the primers reported by the
authors in their related paper (Kikuchi et al., 2005). However, there are chicken ESTs
on the NCBI database classified as matched to a hypothetical protein which Unigene
reports as having 58.4% protein similarity with CDC25B in mice; these sequences are
a perfect match with the primers used e.g. GenBank: BX272356.4. This latter
sequence is 100% aligned with a chicken mRNA AJ720997.1. A BLAST search
showed homology of parts of this sequence with both murine Cdc25A and Cdc25B.
This raises the intriguing possibility that there is only one chicken Cdc25 which has
features of both Cdc25A and Cdc25B and which is downregulated in HIRA deficient
cells. In turn, this raises the question of whether murine Cdc25A expression levels are
lower in HIRA deficient mice and, if so, whether these could be an important cause of
mitotic delays. In relation to the relative roles of murine Cdc25A and Cdc25B, it is of
interest that Cdc25A null mutations in mice are embryonically lethal whereas Cdc25B
null and Cdc25C null mice are viable. Additionally, it has been shown that both
CDC25A and CDC25B are involved in regulation of the G2/M transition (Ray and
Kiyokawa, 2007). This information suggests that this study should be repeated but
examining levels of Cdc25A mRNA in HIRA deficient cells.
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4.3 CELL CYCLE CONSEQUENCES OF HIRA DEFICIENCY
As outlined in 1.12, there is evidence for cell cycle delay consequences of HIRA
deficiency in several species and 4.2 confirms that there appear to be similar
consequences in murine NIH-3T3 cells. Indeed, increases in cell doubling times for
retrovirally transduced Hira knockdown ES cells and NIH-3T3 cells were also
anecdotally observed while undertaking the work described in 2.3 and 4.1 since these
cells became confluent after control transduced equivalents.

This raises the question as to whether there are other cell cycle-related effects of
HIRA deficiency seen in other species which are also seen in mice. Limitations of
time meant that only some of the cell cycle-related effects could be explored.

Specifically, (Blackwell et al., 2004) reported that that Hip1 and Slm9 mutants were
much more sensitive to thiabendazole (a drug which damages mitotic spindles as a
consequence of impaired tubulin deposition). The authors noted that the domain
structure of centromeres is conserved between S. pombe and mouse (Kniola et al.,
2001). The same drug is known to be a spindle poison in mice and has been shown to
lead to an increase in micronuclei in mice (Marrazzini et al., 1994) implying that it
interferes with efficient chromosome segregation at mitosis.

In S. cerevisiae, it has been noted in 1.9.2 that Hir1p and Hir2p (together homologues
of Hira) are necessary but not sufficient to repress transcription of H2A and H2B
histones at the HTA1-HTB1 locus. One observed difference in S. pombe is that, while
knockout of Slm9 does not cause derepression of the H2A genes outside of S phase
(Kanoh and Russell, 2000), Hip1 knockout does do so (Blackwell et al., 2004).
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4.3.1 EXPERIMENTAL APPROACH
Transduced cells from the same cell lines as those in 4.2 were exposed to differing
levels of thiabendazole (TBZ) and the impact on the percentage of cells in nonconfluent populations in the later stages of the cell cycle (approximating to G2/M)
measured using PI staining and FACS analysis.

There are 21 H2A genes in mice of which 18 are replication dependent and four of
these show expression changes over the cell cycle of more than 2.5 fold (Nishida et
al., 2005). The RNA extracted from the elutriated fractions of the cell lines in 4.2 was
used to assess by qPCR the variation in these H2A levels (normalised to 18S rRNA)
over the cell cycle.

4.3.2 RESULTS
The effect of differing levels of thiabendazole is set out in Table 15. These results
confirmed the findings in 4.2 of the impact of Hira knockdown on increasing the
percentage of cells in G2/M in the absence of TBZ. This effect persists at low levels
of TBZ but disappears at higher concentrations. It was noted that cell doubling times
increased from a little under 24 hours for control cells without thiabendazole (longer
for “Hira knockdown” cells) to 48 hours for the highest concentrations of
thiabendazole.
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THIABENDAZOLE
CONC’N (μg/ml)
0
5
10
15

CONTROL CELLS
%
12.1
15.6
19.0
15.5

HIRA KNOCKDOWN CELLS

%
18.0
21.5
18.0
15.3

Table 15 HIRA deficiency increases the proportion of cells in G2/M at low concentrations of
thiabendazole but not at high concentrations
The Hira knockdown and control cell lines were cultured in various concentrations of thiabendazole
for 48 hours. Samples of each were then PI stained and analysed by FACS.

RNA from the elutriated cell lines in 4.2 was used to carry out qPCR analysis of the
three most highly expressed cell cycle dependent H2A genes in mice (out of the 18
identified in (Nishida et al., 2005). The elutriated Hira knockdown NIH-3T3 cells
showed marked differences in each of the H2A mRNA levels between different stages
of the cell cycle.

4.3.3 DISCUSSION
At low doses of TBZ, there is no additional cell cycle delay resulting from HIRA
deficiency and, at higher doses, the difference between HIRA-deficient and control
cells is eliminated. Accordingly, the increased sensitivity to TBZ arising from the
Hira homologue deficiency in S. pombe (Blackwell et al., 2004) is not seen in murine
cells.

One possible interpretation of these results is that the effect of Hira knockdown and
TBZ are operating in the same pathway. In other words, there may be some
component of the cellular machinery involved in mitosis that is impaired both by
HIRA deficiency and the presence of thiabendazole. If this component is desirable but
not essential to mitosis in mammalian cells, then cells may survive and divide more
slowly even if this component is disabled. Thus, both HIRA deficiency and low doses
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of TBZ may independently cause mitotic delay because they cause damage to but do
not disable the component. If the effects of HIRA deficiency and TBZ are cumulative,
then, at low doses of TBZ, their combined effect may be even more damaging than
either of them individually but not sufficient as to entirely disable the component.
Thus, HIRA deficiency and TBZ combined may result in greater cell cycle delay than
TBZ alone. However, once the TBZ dose is such as to entirely disable the component,
there will be no additional impact on cell cycle delay arising from HIRA deficiency.

It is not clear why the highest levels of TBZ reduce the proportion of cells in the later
stages of the cell cycle but it is possible that this is due to much slower growth
resulting in the cells spending longer in G1/S leading to a smaller percentage of cells
in G2/M even if the time spent in G2/M is stable or even increasing. This possibility
is supported by the observation that the number of control cells in the absence of TBZ
were doubling in just less than 24 hours whereas in the highest levels of TBZ, they
were taking more than 48 hours to double.

The observation that murine H2A expression is unaffected by HIRA deficiency is
consistent with the findings that about 1% of high expression genes, 0.5% of medium
expression genes and 0.2% of low expression genes display statistically significant
expression changes in Hira homozygous KO ES cells compared to Hira wt ES cells
(Goldberg et al., 2010).
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CHAPTER 5

DISCUSSION

The research for this thesis started when HIRA was the only histone chaperone
proven to be involved in the assembly of histone variant H3.3 into nucleosomes.
Published papers available at that time relating to HIRA deficiency in S. pombe and
D. melanogaster pointed to effects on pericentromeric heterochromatin. In
consequence, early work was directed to investigating whether HIRA deficiency in
mice was associated with changes to the variegation profile of a transgene located in
pericentromeric heterochromatin. However, no such phenotype was found.
Additionally, no phenotype of any sort had been reported in a heterozygous Hira
knockout mouse strain which had been studied for over 6 years.

As a result, much of the research described in this thesis has been directed to a search
for measurable and replicable effects of HIRA deficiency in mice rather than to an
understanding of the molecular mechanisms responsible for known effects. The novel
findings contained in the results chapters of this thesis have generally related to subtle
and, in some cases, transient effects of HIRA deficiency. They also suggest (as did
earlier papers) that HIRA deficiency affects a diverse variety of cellular activities with
no clear common theme.

During the course of this thesis, a number of relevant papers have been published.
Some of these have shed more light on the consequences of HIRA deficiency in a
variety of species and others have revealed more about the components of the
pathways that are affected by HIRA deficiency.
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This chapter
•

Summarises the findings presented here

•

Proposes a molecular model of how HIRA operates within the context of
transcriptional regulation.

•

Considers how far this model fits the findings of this research as well as other
relevant results in published papers.

•

Suggests further research intended to test the validity of predictions made by
this model.

5.1 THE FINDINGS

5.1.1 PERICENTROMERIC PEV (CHAPTER 2)
•

HIRA did not act in vivo as a modifier of pericentromeric position
effect variegation in transgenic mice (2.1 and 2.5)

•

HIRA may have acted as a modifier of dynamic changes to position
effect variegation (2.4) in a transgene located proximal to
pericentromeric heterochromatin although further replicates are
required to confirm this. Specifically, its presence may contribute to a
speedier reduction in variegation on derepression.
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5.1.2 NON-PERICENTROMERIC PEV (CHAPTER 3)
•

Hira was a haploinsufficient modifier of hCD2 variegation in those
mice strains where the PEV profile changed as T cells matured. This
effect is thought to be associated with insertion of the transgene into a
region of facultative heterochromatin (Festenstein et al., 1999). In both
the 1.3A and Igf2(A.1) strains, there was no observed effect on the
levels of expression of the non-pericentromeric transgene but there was
a significant effect on the population of hCD2 positive cells. This
effect was transient in that it appeared to relate specifically to the
initial switch in transcriptional status from non-expressing to
expressing rather than to any subsequent increase in expression (3.1).
Based on these results, an analogy might be made with a domestic
room light which may first be switched on at a low level of brightness
by an on-off switch and where the brightness is then increased by a
rheostat. In this analogy, HIRA appears to be part of the on-off
mechanism rather than part of the rheostat.

•

With full knockout of Hira, there was a greater effect on the
transcriptional switch from non-expressing to expressing status
resulting in an even larger reduction in the hCD2 high-expressing cell
population. Simultaneously, there was an apparent opposite effect on
hCD2 expression, in that absence of HIRA reduced the silencing of the
non-pericentromeric hCD2 transgene in the Igf2(A.1) mouse strain
(3.1). In consequence, as can be seen from Figure 50 (a copy of Figure
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41), total hCD2 fluorescence is in aggregate slightly higher in the Hira/-

mouse. The net result is that, in the presence of HIRA, the T cells

form two distinct populations (one expressing and one non-expressing)
while in the absence of HIRA, all cells appear to be part of one
population with an approximately normal distribution around a weakly
expressing mode. Therefore, in this strain, variegation is dependent on
HIRA.

Figure 50 Hira heterozygotes show a reduction in the population of hCD2-expressing cells in T
cells from the mesenteric lymph nodes of Igf2(A.1) mice. In those mice where there is a full
knockout of Hira, the characteristic bimodal peak of the non-pericentromeric variegating
transgene disappears.

5.1.3 EFFECTS ON TRANSCRIPTIONAL CHANGES OCCURRING
DURING DIFFERENTIATION
•

HIRA deficiency reduced the extent of transcriptional change of two
genes that are largely silenced in ES cells and expressed in neural
progenitor cells (NPCs) and also reduced the extent of transcriptional
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change in one gene which is expressed in ES cells and silenced in
NPCs (4.1)

5.1.4 CELL CYCLE EFFECTS
•

HIRA deficiency extended the duration of the cell cycle. This is, at
least partially, due to a stalling of progression through G2/M with
consequential sharply elevated levels of mRNA for Cdc25B whose
transcriptional rate is maximal at this point in the cell cycle (4.2).
Accordingly, the earlier finding that HIRA deficiency affects the
transcription of many cell-cycle regulated genes (Ahmad et al., 2005)
may be, at least in part, an indirect consequence of HIRA deficiency in
relation to the rate of progress through the various stages of the cell
cycle rather than to an effect directly on the rate of transcription of
these genes.

5.1.5 DEVELOPMENTAL EFFECTS
•

There is some evidence presented in this thesis that HIRA deficiency
may disrupt the development of T cells (2.2, 2.5 and 3.2) and of CD8+
cells in particular (2.5 and 3.2). However, this effect is at best
probabilistic and significantly more work is required to demonstrate
the validity of this finding.
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5.2 A MODEL FOR HOW HIRA OPERATES

5.2.1 BACKGROUND TO MODEL
It has been reported that approximately 90% of the non-repetitive human genome
sequence appears to be transcribed (Birney et al., 2007) although it has been variously
estimated that between 1.5% and 2% of the genome encodes for proteins. It is this
small part of the transcriptome that has been most studied. For the majority of proteincoding genes in widely used model organisms, there is clear evidence that
transcriptional output is highly regulated. Thus, in mice, only just over 25% of protein
coding genes are expressed in the vast majority of mouse tissues (Farre et al., 2007)
and in S. cerevisiae at least 800 genes (out of the estimated 6,000 in the genome) have
been identified as being cell cycle regulated (Spellman et al., 1998). Hence
transcriptional regulation must have been evolutionarily important and particularly so
in multicellular organisms.

This evolutionary pressure has generated many different interconnected mechanisms
of transcriptional regulation which co-exist within the cell and which are able to
achieve rapid and reliable changes to the transcriptional rate of specific genes. One of
these mechanisms involves chemical modifications to the tails of histones. Changes to
the histone modifications can be achieved by one of a large number of enzymes or by
replacing the entire nucleosome.
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Not only do these modifications need to be established in the first place but they also
need to be maintained over time. For example, heterochromatin will tend to spread to
adjacent regions (Talbert and Henikoff, 2006). Thus, nearby euchromatin will be
heterochromatinised unless its status is actively maintained. Similarly, silenced
facultative heterochromatin also requires ongoing maintenance to maintain repressive
histone modifications as suggested by the increase in H4 acetylation seen on silenced
X chromosomes in the presence of HDAC inhibitors (Keohane et al., 1996).

5.2.2 THE MODEL
It is proposed here that HIRA is an important component in achieving changes to
certain histone modifications. Its structure enables it to bring a number of histonemodifying proteins and the histone chaperone Asf1 selectively bound to histone
variant H3.3 in the form of histone H3.3-H4 dimers. This means that the replacement
of nucleosomes and/or the introduction of histone modifications can be achieved in a
more precisely targeted manner and with improved kinetics than if those changes had
to be achieved in the absence of HIRA by the chance coming together of those
components. It is suggested here that HIRA is involved in the maintenance of both
repressed and activated transcriptional states as well as also being involved in the
establishment of those transcriptional states. However, given the range of other
mechanisms that have evolved for transcriptional regulation, it is probable that the
importance of HIRA is very different from one gene to another and from one part of
the genome to another.
Previous work (Goldberg et al., 2010) has shown that the effect of HIRA deficiency is
to reduce H3.3 replacement at specific genomic locations. This suggests that the
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HIRA complex possesses some targeting mechanism which ensures that HIRA is
directed to the right genomic locations and facilitates the execution of the appropriate
histone modifications. One intriguing possibility is that the targeting mechanism may
involve mammalian orthologs of the yeast Hpc2p (which appears to have a conserved
domain for histone tail binding) and Hir3p components of the Hir complex in yeast
(Balaji et al., 2009) both of which have domains that bind HIRA. Several of these
orthologs have recently been identified which include ubinuclein 1 (UBN1) which
binds histone methyltransferase (HMTase) activity and is critical for formation of
SAHFs (Banumathy et al., 2009), UBN2 a potential mammalian cell cycle regulator
and the calcineurin binding CAIN/CABIN HDAC-interacting proteins (Balaji et al.,
2009).

Thus, this model envisages a genome where some of the histone tails have a variety of
“chromatin-state-change tags” attached to them with which may be associated histone
modifying proteins for the appropriate change. Loading of these tags onto histone tails
might arise either because histone modifications are detected to differ from a
previously established transcriptional state (“maintenance loading”) or because they
are not consistent with a transcriptional state which is in the process of being
established (“establishment loading”). These tags attract and bind HIRA which not
only brings Asf1 and its H3-H4 dimers but also brings its own associated histone
modifying proteins. HIRA then provides a catalytic environment which enables the
histone modifications to be effected which may in turn lead to the subsequent release
or destruction of the tag.
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The establishment and maintenance of PEV in the hCD2 transgene is illustrated in
Figure 51. The model outlined above suggests that HIRA is responsible in the
establishment phase for facilitating the initial expression of hCD2 in some T cells and,
in the subsequent maintenance phase, for acting to remove “damage” to histone
modifications in the vicinity of the hCD2 transgene. If left unchecked, this “damage”
would cause “histone modification drift” which might have the effect of reducing the
expression of hCD2 in expressing cells and increasing the expression of hCD2 in nonexpressing cells.

Figure 51 HIRA acts both in the establishment of PEV and in its subsequent maintenance
Common lymphoid progenitors differentiate into T cells. Establishment of PEV is achieved when some
T cells begin expressing hCD2 (shown in red) as a result of HIRA-mediated changes to histone
modifications. Thereafter, damage may occur to the histone modifications influencing hCD2
expression in either the hCD2 expressing cells or in the hCD2 non-expressing cells (shown in blue).
This “histone modification drift” may tend to reduce variegation by increasing hCD2 expression in
non-expressing cells and reducing it in expressing cells. The presence of HIRA supports removal of
this drift so as to maintain the epigenetic state of the hCD2 transgene.

Testing of any model requires that it generates clear predictions. In the context in
which HIRA operates, this is not straightforward. In the same way as the expression
of transgenes located in pericentromeric heterochromatin has been characterised as
reflecting an equilibrium state between negative factors inhibiting gene expression
and positive factors promoting gene expression (Dillon and Festenstein, 2002), there
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may be a similar process of competition between the factors shown in Figure 52
affecting genes located within facultative heterochromatin. Thus, predicting the
effects on expression of the withdrawal of one mechanism for maintenance of either
type of heterochromatin requires the estimation for a specific locus of a new state of
equilibrium between the remaining positive and negative factors and relating this to
the original state of equilibrium.

Figure 52 Many different mechanisms may play a part in effecting the transition between
euchromatin and facultative heterochromatin
The above figure adapted from (Trojer and Reinberg, 2007) shows that addition or exchange of
histones, histone and DNA modifications, remodelling of chromatin by ATP-dependent factors or by
trans-acting proteins, the effects of non-coding RNAs and changes in subnuclear position have all been
shown to be associated with the transition between euchromatin and facultative heterochromatin.

In some cases, such a systems biology approach might suggest larger short term
effects of a change during the transition to a new equilibrium state but a much smaller
longer term effect once the new equilibrium state is attained. Furthermore, the role of
HIRA as catalyst may well mean that its presence will affect the kinetics of the
change but not the direction of change. Thus absence of HIRA may lead to slower
establishment of a new state but it may not prevent it happening eventually.
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5.3 DOES THE MODEL FIT THESE RESULTS AND THOSE OF
OTHERS?
This section considers first those results which can, despite the caveats in the previous
section, be regarded as a good fit with the model but where the model’s validity needs
to be tested further by generating additional predictions and testing these by
experimentation. It then addresses those results where the model predictions can only
be reconciled to the results by invoking other plausible explanatory variables and
identifies how the validity of those additional explanatory variables might themselves
be tested.

5.3.1 SIMULTANEOUS REPRESSIVE AND ACTIVATING EFFECTS OF
HIRA DEFICIENCY DURING CHANGES OF STATE OF
FACULTATIVE HETEROCHROMATIN
If facultative heterochromatin is undergoing a change of state towards euchromatin,
the model would predict that this transition will be slower in the absence of HIRA. It
would also predict that the maintenance of the repressed state of facultative
heterochromatin will have been less efficient than if HIRA levels were normal. Thus,
the model predicts that, in the case of a heterozygous transgene, HIRA deficiency
may simultaneously result in derepression of a silenced gene in some cells because
the wild type maintenance of a repressed state is abrogated while at the same time it
may fail to activate the same gene in another cell as a result of the elimination of
HIRA’s contribution towards establishing a new transcriptional state for that gene.
This is entirely consistent with the results shown in Figure 41 and it is the first time
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that such an effect involving HIRA deficiency has been reported although it has
previously been shown that, at the same time, some genes in a cell can be activated
and other genes repressed by HIRA deficiency (Ahmad et al., 2005).

This dual effect is seen only in cases of full HIRA deficiency. In contrast to this, the
data for Hira haploinsufficent mice does show a clear deficiency in the transition of
the hCD2 transgene’s expression to an activated state but there is no evidence that the
maintenance of the repressed state of facultative heterochromatin is compromised.
This might be expected if damage to facultative heterochromatin requiring HIRAmediated “chromatin repair” (Zhang et al., 2007) is a low probability stochastic event.
It would then be predicted that the necessary number of state-change events could be
managed by low levels of HIRA although it would be predicted that there would be a
threshold level of HIRA below which the number of state-change events could not be
accommodated. This may provide an explanation for the difference seen between the
effects of Hira haploinsufficiency and full knockout.

5.3.1.1 PREVIOUS FINDINGS

As noted in 1.9, an apparent paradox of HIRA is that, in different situations, its action
can result in both repressive effects on gene expression as well as activation. Thus,
replication independent (RI) nucleosome replacement may either promote
transcriptional activity (Ng and Gurdon, 2008) or may reduce transcriptional activity
(van der Heijden et al., 2007) and (Banumathy et al., 2009). It should be noted that the
second and third of these papers identify HIRA as the histone chaperone whereas the
first paper did not specifically identify the histone chaperone involved but speculated
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that HIRA was involved. These previous findings are consistent with the model
proposed here

5.3.1.2 FURTHER RESEARCH

In relation to further research, the experiments pointing to simultaneous repressive
and activating effects in 3.2 need to be repeated, ideally in such a way as to eliminate
the potential effects of differences in genetic background on these results.

In addition, there would need to be more specific testing of the assumptions of the
model proposed as set out below.

Confirmation that the phenotype is HIRA specific

This would include a “rescue” experiment to rule out the possibility of a linked
mutation by testing whether ectopic expression of HIRA in Hira knockout T cells
from an Igf2(A.1) mouse would rescue the wild type variegation profile of the nonpericentromeric transgene relative to a control. One way to achieve this would be to
introduce a HIRA expression vector into T cells from an Igf2(A.1) mouse using a
technique such as nucleofection (see 2.4) which has a proven track record for
introducing large plasmids into primary lymphocytes (Goffinet and Keppler, 2006).
This experiment would leave open the possibility that HIRA was achieving the rescue
through some mechanism other than nucleosome replacement.
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Nucleosome replacement is central to the transcriptional consequences of HIRA

A suitable experiment would involve nucleofection of both the HIRA expression
vector and a labelled H3.3 expression vector such as CMV-H3.3-YFP (Meshorer et
al., 2006) into Hira knock out T cells from an Igf2(A.1) mouse. Enrichment of
labelled H3.3 in the vicinity of the non-pericentromeric hCD2 transgene could then be
compared (using CHIP) with that existing in T cells nucleofected only with the
labelled H3.3 expression vector. This would enable a test of the hypothesis that the
efficacy of the HIRA expression vector in rescuing the variegation profile was related
to nucleosome replacement in the vicinity of the hCD2 transgene.

In addition, this experiment would enable a test of whether enrichment of labelled
H3.3 was important in restoring both the wild type variegation status of expressing
cells as well as non-expressing cells. This could be achieved by sorting the cells for
hCD2 expression and then looking for labelled H3.3 enrichment in the sorted
populations.

Direct interaction of HIRA with chromatin

There is a need to confirm that HIRA does indeed directly interact with chromatin in
the vicinity of the transgene possibly by chromatin immunoprecipitation (CHIP)
although the success of such an experiment would be dependent both on whether the
existing WC119 antibody (used for western blotting) is suitable for this purpose and
whether HIRA’s interaction with chromatin is sufficiently prolonged to enable a
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signal to be detected. An alternative might be use of the DamID technique (Vogel et
al., 2007).

Endogenous targets in facultative heterochromatin

A further direct prediction of the model would be that other silenced endogenous
genes in facultative heterochromatin in Hira knockout T cells may also suffer defects
in transcriptional upregulation during T cell maturation. If a specific gene codes for a
cell surface protein or a protein amenable to intracytoplasmic staining (Kiss et al.,
2008), these changes may be measured on an individual cell basis. Alternatively,
RNA-FISH might be used enabling analysis of variegation of selected genes.
While these techniques would be useful once candidate genes have been identified,
they will not help with candidate gene identification. Traditional microarray
techniques which rely on extraction of RNA from many cells may be valuable in
suggesting candidate genes which are HIRA-sensitive and display strong up- or
down- regulation on differentiation. However, these techniques may be less
productive with endogenous genes whose expression is variegated (de Krom et al.,
2002). This arises because the techniques involve a pooling of results across cells
which may mask the importance of HIRA-mediated transcriptional changes in
individual genes at the level of the individual cell. This is best illustrated by a
“thought experiment” based on Figure 50. Since transcription of the hCD2 transgene
is known to be directly proportional to levels of the cell surface protein (Saveliev et
al., 2003), it is possible to estimate the relative levels of hCD2 transcript in the
population of Hira knockout T cells compared to the levels in the Hira wild type T
cells. It seems highly improbable that such an aggregate comparison would have
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suggested that HIRA might be playing a role in upregulating transcription of the
hCD2 transgene in these cells. However, single cell transcriptome analysis via
mRNA-seq (Tang et al., 2010) would, in principle, enable identification of the
changes in variegation seen in Figure 50 although there are practical limitations in
assembling the required amount of data.

Chromatin-state-change tags and their characterisation

It would also be desirable to identify other putative “state-change tags” and classify
them as “Activate me” or “Repress me” markers. Given their associated proteins, it
would appear that UBN1 and the CAIN/CABIN proteins are “Repress me” markers
whereas the status of UBN2 is unknown. Systematic mutation of these state-change
tags to abrogate their binding to HIRA would then be predicted to result in specific
deficiencies in maintaining or establishing transcriptional states.

5.3.2 EFFECTS ON TRANSCRIPTIONAL
DIFFERENTIATION

CHANGES

DURING

The model would predict that HIRA deficiency will result in transitional delays in the
establishment of a modified chromatin state with the magnitude and extent of such
delays being dependent on the relative importance at that genomic location of HIRA’s
contribution to that state-change. This variability is a consequence of the diversity of
pathways shown in Figure 52, since it seems plausible that, in most locations, the
removal of one pathway will slow the rate of transition from the old state to the new
state but the final outcome in terms of transcriptional state may be convergent.
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As shown in three genes (of ten considered) in 4.1, HIRA deficiency does result in
transitional delay in transcriptional state. Thus, the results seen in this research are
consistent with the model predictions.
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5.3.2.1 PREVIOUS FINDINGS AND POTENTIAL T CELL DEVELOPMENT
DEFECTS

No previous investigations have been identified which specifically track
transcriptional changes associated with HIRA deficiency while differentiation is
proceeding. One study that is potentially relevant recorded observations of Hira
homozygous knockout mouse embryos (Roberts et al., 2002) and evaluated the extent
of developmental disorder associated with Hira knockout. This showed very
abnormal and variable early development defects. It is possible that there is a
connection between the results reported here and those observations. In particular, it is
suggested here that changes in the precise timing of critical expression changes may
have significant consequences for the differentiation and development of complex
multi-cellular organisms. For example, the importance of morphogenetic gradients
and receptor-ligand interactions during development would suggest that temporal
deviations from normal expression patterns could result in a fundamental
mispatterning of the developing organism.
However, the hypothesis that HIRA plays a role in such processes is speculative since
proper testing of it would arguably require the generation of mathematical models of
development supported by considerable experimental work to enable the
consequences of specific temporal aberrations in expression patterns to be understood.
While this is still some way off, some recent modelling work on bone morphogenetic
protein mediated patterning in D. melanogaster (Umulis et al., 2010) provides a
pointer towards necessary future developments.
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On the same basis, it may be that the stochastic consequences for T cell development
seen in both the haematopoietic system repopulation experiments (2.2.3) and in the in
vivo full Hira knockout (2.5.2) and (3.2.2) are also a consequence of gene
dysregulation during differentiation affecting signalling or other pathways required
for T cell development. There is evidence that the T cell: B cell ratio and CD4+:
CD8+ ratios are under genetic control and a quantitative trait locus modelling
approach has been used to explain much of the variation in these ratios between a
large number of mouse strains (Lynch et al., 2010). It is not known whether these
genetic differences between strains relate to the gene product sequence or impact on
the transcriptional efficiency at that locus. If further research demonstrates that there
are significant effects of the genetic differences on transcriptional efficiency, this
would be of particular interest in the context of the model proposed since HIRA
deficiency might affect transcriptional changes during development at some of those
loci shown to be important in determining the distribution of the total lymphocyte
population between various sub-types.
In the meantime, in view of the incomplete penetrance of the phenotype associated
with full Hira knockout, it will be necessary to repeat the experiments (ideally in the
absence of differences in genetic background although extensive backcrossing will be
required) in order to test whether the effects observed are statistically significant.
There will also need to be an understanding of which endogenous genes important in
T cell development are targets of HIRA (see 5.3.1.2). This would enable systematic
manipulation of those gene products during T cell development to investigate a link
with the observations made in the full Hira knockout.
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5.3.2.2 FURTHER RESEARCH

Work to date has only considered a few genes and has evaluated the impact only over
a 72 hour timescale. Further research will involve genome-wide transcriptional
profiling to enable proper consideration of many more genes and the kinetics of
transcriptional changes in those genes during differentiation. This will be critical to
developing an understanding of how HIRA deficiency affects differentiation during
development. Nevertheless, an approach based on RNA isolation from a population of
cells is likely only to identify those genes which undergo large HIRA-mediated
transcriptional changes. The alternative of single cell transcriptome profiling (Tang et
al., 2010) is likely to identify more genes but would have significant cost and
timescale implications.

5.3.3 HIRA AS A MODIFIER OF PERICENTROMERIC PEV
In the 1.3A14 mouse strain where the hCD2 transgene is located close to
pericentromeric heterochromatin, changes in variegation following T cell activation
are directly associated with changes in histone modifications (Hiragami-Hamada et
al., 2009). Although it is not known how far those histone modifications result from
changes to pre-existing modifications on the existing nucleosomes and how far they
are reliant upon nucleosome replacement, the preliminary finding in 2.4 (which
requires further confirmation) that HIRA deficiency did modestly slow the rate of
change of transgene variegation is in line with the model predictions that, in the
absence of HIRA, transcriptional switching will be slowed. However, the experiments
with the 1.3B mouse strain (where the hCD2 transgene is located in pericentromeric
heterochromatin) do not fit easily with the predictions of the model. In particular, the
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failure to observe any effect on hCD2 variegation in the full Hira knockout mice is
surprising given that knockout of the homologues of Hira has been shown to reduce
silencing of a pericentromeric marker gene in S. pombe (Blackwell et al., 2004). This
would suggest either that there are functional differences between mammalian HIRA
and its homologues in S. pombe or that mammals have mechanisms not available to S.
pombe for maintaining silencing in pericentromeric heterochromatin.
In this context, it has recently been established that transcription from pericentromeric
repeats in mouse embryonic fibroblasts (MEFs) is unaffected by Hira knockdown but
that knockdown of Atrx or Daxx do result in significant reduction in transcription of
these repeats apparently by depositing H3.3 nucleosomes (Drane et al., 2010).
This leaves unresolved the question of what mechanisms in pericentromeric
heterochromatin in mammalian cells achieve the silencing function to which HIRA
appears to contribute in S. pombe. Other candidates to be considered in mammalian
cells are differences in gene regulation through nuclear organisation (Sexton et al.,
2007), differences in the nature of repetitive DNA tracts which might affect higher
order structure and relative chromatin accessibility, and DNA methylation. The
importance

of

DNA

methylation

in

silencing

genes

in

pericentromeric

heterochromatin has been confirmed by a very recent study (Sugimura et al., 2010)
that found that inhibition of DNA methyltransferases (Dnmt) in mice fibroblasts by
exposure to 5-Aza-2'-deoxycytidine (5-aza-dC) led to active transcription of
pericentromeric regions which did not occur in control cells. Furthermore, it has been
suggested that the presence of methylated DNA may lead to the recruitment of
histone-modifying enzymes (Fuks, 2005).
Thus, in mammals, there may be alternative mechanisms available to maintain
silencing and other histone chaperones available to promote transcription in
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pericentromeric heterochromatin. This may explain why HIRA appears to play no role
in relation to normal transcriptional control in that part of the mammalian genome.
Against the evidence above are the findings that HIRA does have a role to play in
relation to H3.3 nucleosome deposition in pericentromeric heterochromatin in human
cells stressed by exposure to HDIs (Zhang et al., 2007). However, the authors show
(their figure 4A) that H3.3 incorporation is very low except in the presence of HDIs.
This raises the possibility that HIRA performs a “back up” role in this part of the
genome. The availability of other silencing mechanisms in mammals may mean that
this pathway is inactive much of the time but becomes activated when those silencing
mechanisms are overwhelmed by histone-modifying events which risk loss of
transcriptional control in pericentromeric heterochromatin.
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5.3.3.1 FURTHER RESEARCH

Further experiments should include repetition of the nucleofection experiments in 2.4.
Additionally, it would be highly desirable to cross the 1.3A14 (transgene located close
to pericentromeric heterochromatin) strain with the Hira CKO strain to establish
whether absence of HIRA affects variegation of that hCD2 transgene which is located
close to but not within pericentromeric heterochromatin. If it is found to do so, there
would also be a need to demonstrate directly that nucleosome replacement does occur
in pericentromeric heterochromatin in the vicinity of the hCD2 transgene as the model
would predict. This might be achieved using labelled H3.3 expression vectors as
described in 5.3.1 in both Hira wt and Hira knockout cells.
It could be argued that the lack of an effect on one transgene located in
pericentromeric

heterochromatin

does

not

demonstrate

that

there

are

no

transcriptional effects at any point within that part of the genome. Research to test
whether there are differences in pericentromeric transcription is described in 5.3.4.1.

5.3.4 CELL CYCLE EFFECTS
The finding of an extended cell cycle is of particular interest because it points to a
feature of HIRA deficiency which appears to be conserved across a wide range of
species. Cell cycle lengthening has been reported in chicken (Ahmad et al., 2005) and
in S. pombe (Blackwell et al., 2004). Although one recent study has reported no effect
on cell cycle in mouse ES cells of Hira knockout (Goldberg et al., 2010), it is possible
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that selection pressure over many passages has resulted in an ES cell line whose cell
cycle is no longer sensitive to HIRA deficiency.

Despite the evolutionary conservation of the phenotype, there is no clear consensus on
its causes. In human cells, it has been suggested that HIRA is important for
“chromatin repair” in pericentromeric heterochromatin (Zhang et al., 2007). In its
absence, the authors demonstrated mitotic failure when cells were exposed to histone
deacetylases inhibitors (HDIs). They attributed this to a failure, in the absence of
HIRA, to replace acetylated nucleosomes in order to enable recruitment of HP1 (a
foundation protein for kinetochores). This failure resulted in defective kinetochores
and mitotic failure. However, there are alternative interpretations of some of their data
in the light of earlier work on the interactions of kinetochore proteins with human
HP1 variants (Obuse et al., 2004).

The potential importance of increased pericentromeric gene expression for cell cycle
length in mammals is supported by a very recent study (Sugimura et al., 2010) that
demonstrated that exposure of mouse fibroblasts to 5-aza-dC (which inhibits DNA
methylation but is not known to inhibit nucleosome replacement) led to the presence
of both “active” histone modifications and pericentromeric gene transcription. It also
resulted in cell cycle delay and the authors suggested that derepressed pericentromeric
heterochromatin might affect chromosomal segregation.

Certainly, there is evidence that HIRA deficiency results in a silencing failure in S.
pombe (Blackwell et al., 2004). The authors suggested that this observation could be
related either directly to impairment of nucleosome assembly in the outer terminal
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repeat (otr) region or indirectly to dysregulation of one of the many genes known to
be involved in (otr) silencing. Thus, the alternative explanations point in opposite
directions; the former suggesting a failure to repair damage to a repressive chromatin
environment and the latter suggesting a failure to maintain the open chromatin
environment required for expression of a gene whose product is involved in outer
terminal repeat (otr) silencing.

The hypothesis that HIRA deficiency may be silencing an important gene in the
mitotic pathway is supported by the study in Gallus gallus (Ahmad et al., 2005) which
showed that the N-terminal half of HIRA would both restore levels of a number of
mRNAs repressed by Hira knockout and eliminate the cell cycle delay. However, this
leaves open the possibility that, in this species, the gene product is involved directly
with the process of mitosis and has no effect on transcription from pericentromeric
heterochromatin.

Certainly, the finding that HIRA deficiency in MEFs does not lead to changes in
pericentromeric transcript levels (Drane et al., 2010) appears to contradict the
hypothesis that a failure of silencing underpins the cell cycle delay reported here in
mice.

As matters stand, there is not yet definitive evidence on the causative defects which
result in cell cycle delay in mammals. Until there is greater clarity about the pathway,
it is not possible to identify the way in which HIRA deficiency compromises the
normal operation of that pathway.
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5.3.4.1 FURTHER RESEARCH

It would be desirable to confirm that the cell cycle delay in retrovirally transduced
NIH-3T3 cells is a consequence of HIRA deficiency. This argues for a similar rescue
experiment involving ectopic expression of HIRA to that undertaken by others
(Ahmad et al., 2005).
As is clear from 5.3.4, there is still uncertainty about the pathway generating the
mitotic delay and more information about this would assist an understanding of how
HIRA deficiency contributes to the phenotype. The available evidence suggests that
this phenotype manifests itself in G2/M (although its origins might lie earlier in the
cell cycle) and, given what else is known about the role of HIRA, it probably relates
to a transcriptional defect.
As already identified in 4.2, there is a clear case for repeating the work described
there but with a focus on the potential dysregulation of Cdc25A by HIRA deficiency.
However, a more wide-ranging approach would be to use the NIH-3T3 cells used in
4.2 and 4.3 and examine the transcriptome of the Hira knockdown and control cells to
find specific differences between them. Both sets of cells would be cultured and cell
cycle fractions obtained by elutriation with a particular initial focus on G2/M. RNA
would be extracted from the fraction(s) and the transcriptomes compared by RNASeq (Wang et al., 2009). This would enable identification of differences caused by
HIRA deficiency and would help resolve the issue of whether, in ordinary culture
conditions, mammalian cells show differences in pericentromeric transcription.
Significant transcriptional differences could then be investigated by manipulating
individual transcripts (by knockdown/ectopic expression as appropriate) to establish
which ones generate a cell cycle delay in wild type cells. This should be helpful in
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identifying the pathways affected which would be valuable in determining how HIRA
deficiency might generate this phenotype.

5.4 OVERVIEW
There remain many questions about HIRA, not least in relation to how it operates at
the molecular level in facilitating transcriptional change, how it contributes to cell
cycle delay and why its knockout in different species can produce such different
consequences. The research described here has generated some novel results
particularly in relation to the effects of HIRA on expression and transcriptional
changes of a small number of genes during differentiation. Although some published
results have suggested little effect of HIRA on endogenous gene expression, these
results point to the possibility of more profound effects including the switching of
transcriptional states during development and in the maintenance of variegated states
of endogenous genes. These effects may have been masked by the averaging across
cells inherent in conventional transcriptomic approaches. These functions of HIRA
may have important biological consequences. The next step will be to generate a
more comprehensive panel of HIRA-sensitive genes through transcriptome analysis of
a variety of cell types (including cells in the course of differentiation) and at various
points in the cell cycle.
If this work confirms that more genes are HIRA-sensitive than previous research
would suggest, the results presented here can be seen as a first step in better
understanding the role of HIRA in modulating gene expression during cellular
transition states.
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CHAPTER 6

MATERIALS AND METHODS

6.1 BACTERIOLOGICAL CULTURES

6.1.1 REAGENTS
Unless otherwise indicated in this chapter, the solvent used was deionized water
(18.2MΩ).

Liquid cultures were grown in L-broth (1% tryptone, 0.5% yeast extract, 1% NaCl)
supplemented with 100 µg/ml of ampicillin for selection of bacteria containing
ampicillin-resistant plasmids.

For solid cultures, LB agar was used made up from L-broth and 1.5% agar.

6.1.2 COMPETENT BACTERIA
One Shot Top10 E. coli competent cells (Invitrogen #C4040-03) were used for
replication of plasmid DNA

6.1.3 BACTERIAL TRANSFORMATIONS
The “chemical transformation procedure” involving heatshock suggested in the
Invitrogen manual (version M) for transformation and selection of these cells was
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used followed by overnight incubation on selective pre-warmed LB agar plates at
37ºC.

6.1.4 CULTURING OF SELECTED COLONIES
Individual separable colonies from LB agar plates were picked by using an autoclaved
non-filtered pipette tip and the tip placed in a 14 ml polypropylene round-bottom tube
with dual-position snap cap (BD Falcon #352059) containing 5 mls of selective Lbroth pre-warmed to 37ºC. These were incubated for 12-16 hours. Aliquots of L-broth
were then taken for plasmid DNA purification, for generation of glycerol stocks and,
when undertaking maxi-preps, to inoculate larger volumes of selective L-broth 1:1000
for overnight incubation at 37ºC.

6.1.5 STORAGE OF BACTERIAL CELLS
Suspensions of cells in L-broth were stored as glycerol stocks by mixing 800µl of cell
suspension with 200 µl of glycerol in a cryovial (Nunc #368632), vortexing briefly
and storing at -80ºC

6.1.6 AMPLIFICATION OF PLASMID-CONTAINING BACTERIA FROM
GLYCEROL STOCKS
Selective LB agar plates were pre-warmed at 37ºC. Glycerol stocks were removed
from -80ºC storage and placed on ice. The plates were streaked using a sterile plastic
loop or pipette tip so as to ensure an increasingly attenuated application of the
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glycerol stock on the agar plate. The plate was then incubated overnight at 37ºC.
Culturing of selected colonies was then carried out as described in 6.1.4
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6.2 DNA PREPARATION

6.2.1 PLASMID DNA PREPARATION FROM BACTERIAL CULTURES
A plasmid DNA preparation kit (Qiagen #27106 or #12163 depending on amounts
required) was used and the standard manufacturer’s protocols used. Final
concentration of DNA was checked by NanoDrop ND-1000 Spectrophotometer.
A list of the plasmids used and their purpose is set out in Table 16 below.
NAME

SELECTABLE
MARKER

GFP

Puromycin
resistance

No

pSUPER.retro.neo+GFP
(OligoEngine #VECPRT-0006)

Neomycin
resistance

No

MLP (Bihani et al.,
2007)

Puromycin
resistance

Yes

pSUPER.retro.puro
(OligoEngine #VECPRT-0002)

PMig (Addgene #9044)

pCR4-TOPO
(Invitrogen #K457501)

PURPOSE

Retroviral vectors
for expressing
shRNA to
knockdown Hira

Retroviral
mammalian
expression vector
and acceptor of
shRNA cassettes
from
pSUPER.retro.puro
Cloning vector
permitting direct
cloning of PCR
products

Ampicillin
resistance
(plasmid only)

Ampicillin and
kanamycin
resistance

Yes

No

Table 16 Plasmids used
This table shows the plasmids used together with a reference to their origin and purpose and whether
they have selectable markers and/or express GFP.
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6.2.2 PREPARATION OF DNA VECTORS FOR INSERT LIGATION
A pre-determined quantity of the vector was cut with the appropriate restriction
enzymes (supplied by NEB) in the appropriate buffers to provide suitable
overhanging “sticky” ends to ensure the correct directional ligation of the insert. The
vector fragments were separated by gel electrophoresis in 1x TAE buffer (see section
6.3). The gel was transilluminated with a low power UV light and the relevant
fragment of the gel was excised using a scalpel. Suitable eye protection from UV light
was worn for this procedure.

The desired DNA was obtained using a Gel Extraction Kit (Qiagen #28706) and the
manufacturer’s recommended protocol

6.2.3 PREPARATION OF DNA INSERTS FOR LIGATION
Where the required insert was relatively short (<120 bp), the insert was ordered
(Sigma-Aldrich) as two separate but complementary oligonucleotides (oligos) with
the appropriate overhanging ends to ligate efficiently with the vector. These oligos
were then annealed by preparing them individually as solutions of 3 mg/ml. 1 µl of
each of the complementary oligos were then mixed together with 5 µl of 10x
annealing buffer (0.1 M Tris HCl @pH7.5, 10 mM EDTA, 1M NaCl) and 43 µl of
dH2O. This mix was denatured by heating at 94ºC for 4 minutes in a thermal cycler
(MJ Research/Bio-Rad PTC-200) to provide complete separation of the oligos and
removal of any secondary structure within the individual oligos. The mix was
progressively cooled through 5ºC at 0.1ºC/second and then maintained at that
temperature for 100 seconds. This pattern of cooling followed by temperature
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maintenance was repeated to a temperature of 70ºC at which point the oligos were
rapidly cooled to 4ºC prior to longer-term storage at -20ºC.
The oligos used as inserts in pSUPER.retro.puro (see Table 16), their sequence and
their purpose are set out in Table 17 below.
INSERTS

SEQUENCE

PURPOSE

Hirash1F

GATCCCCGCAAGAGCCTGGCAATAATTTCAAGAGAATTATTGCCAG

Pairs of

GCTCTTGCTTTTTA

oligos to

AGCTTAAAAAGCAAGAGCCTGGCAATAATTCTCTTGAAATTATTGC

generate

CAGGCTCTTGCGGG

alternative

GATCCCCATACCGCCTCCGTGAAATATTCAAGAGATATTTCACGGA

inserts for

GGCGGTATTTTTTA

pSUPER.

AGCTTAAAAAATACCGCCTCCGTGAAATATCTCTTGAATATTTCACG

retro.puro.

GAGGCGGTATGGG

1,2 and 3 are

GATCCCCAGGTCATTCTGGCTTAGTATTCAAGAGATACTAAGCCAG

knockdown

AATGACCTTTTTTA

inserts and

AGCTTAAAAAAGGTCATTCTGGCTTAGTATCTCTTGAATACTAAGCC

NCS is a

AGAATGACCTGGG

negative

Hirash1R

Hirash2F

Hirash2R

Hirash3F

Hirash3R

HirashNCSF

GATCCCCTAGCGACTAAACACATCAATTCAAGAGATATTTCACGGA

control

GGCGGTATTTTTTA
HirashNCSR

AGCTTAAAAATAGCGACTAAACACATCAATCTCTTGAATATTTCAC
GGAGGCGGTATGGG

Table 17 Oligos inserts for pSUPER.retro.puro vector

pSUPER.retro.puro has EcoRI and XhoI restriction sites which flank the shRNA
expression cassette consisting of an H1 promoter and the above inserts. pMig (see
Table 16) has a multiple cloning site (MCS) containing these two restriction sites so
that it was possible to generate an insert from proven pSUPER.retro.puro plasmids
which could be used with pMig to generate a retroviral vector for expressing shRNA
which also carried a GFP marker.
The inserts for the MLP vector are shown in Table 18.
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INSERTS
MLP1 F
MLP1 R
MLP2 F
MLP2 R
MLP3 F
MLP3 R
MLP2.1F
MLP2.1R
MLP2.2F
MLP2.2R
MLP2.3F
MLP2.3R
MLPNCSF
MLPNCSR

SEQUENCE
TCGAGAAGGTATATTGCTGTTGACAGTGAGCGCGGCAAGAGCCTGGCAATAATGTA
GTGAAGCCACAGATGTACATTATTGCCAGGCTCT
TGCCATGCCTACTGCCTCGG
AATTCCGAGGCAGTAGGCATGGCAAGAGCCTGGCAATAATGTACATCTGTGGCTTC
ACTACATTATTGCCAGGCTCTTGCCGCGCTCACT
GTCAACAGCAATATACCTTC
TCGAGAAGGTATATTGCTGTTGACAGTGAGCGAAATACCGCCTCCGTGAAATATTA
GTGAAGCCACAGATGTAATATTTCACGGAGGCGG
TATTCTGCCTACTGCCTCGG
AATTCCGAGGCAGTAGGCAGAATACCGCCTCCGTGAAATATTACATCTGTGGCTTCA
CTAATATTTCACGGAGGCGGTATTTCGCTCACT
GTCAACAGCAATATACCTTC
TCGAGAAGGTATATTGCTGTTGACAGTGAGCGCGAGGTCATTCTGGCTTAGTAATAG
TGAAGCCACAGATGTATTACTAAGCCAGAATGA
CCTCTTGCCTACTGCCTCGG
AATTCCGAGGCAGTAGGCAAGAGGTCATTCTGGCTTAGTAATACATCTGTGGCTTCA
CTATTACTAAGCCAGAATGACCTCGCGCTCACT
GTCAACAGCAATATACCTTC
TCGAGAAGGTATATTGCTGTTGACAGTGAGCGCTACCGCCTCCGTGAAATATGCTAG
TGAAGCCACAGATGTAGCATATTTCACGGAGGCG
GTATTGCCTACTGCCTCGG
AATTCCGAGGCAGTAGGCAATACCGCCTCCGTGAAATATGCTACATCTGTGGCTTCA
CTAGCATATTTCACGGAGGCGGTAGCGCTCACTGT
CAACAGCAATATACCTTC
TCGAGAAGGTATATTGCTGTTGACAGTGAGCGCATACCGCCTCCGTGAAATATGTAG
TGAAGCCACAGATGTACATATTTCACGGAGGCGGT
ATTTGCCTACTGCCTCGG
AATTCCGAGGCAGTAGGCAAATACCGCCTCCGTGAAATATGTACATCTGTGGCTTCA
CTACATATTTCACGGAGGCGGTATGCGCTCACTGT
CAACAGCAATATACCTTC
TCGAGAAGGTATATTGCTGTTGACAGTGAGCGCGAATACCGCCTCCGTGAAATATA
GTGAAGCCACAGATGTATATTTCACGGAGGCGGTAT
TCATGCCTACTGCCTCGG
AATTCCGAGGCAGTAGGCATGAATACCGCCTCCGTGAAATATACATCTGTGGCTTCA
CTATATTTCACGGAGGCGGTATTCGCGCTCACTGT
CAACAGCAATATACCTTC
TCGAGAAGGTATATTGCTGTTGACAGTGAGCGAAATAGCGACTAAACACATCAATA
GTGAAGCCACAGATGTATTGATGTGTTTAGTCGCTAT
TGTGCCTACTGCCTCGG
AATTCCGAGGCAGTAGGCACAATAGCGACTAAACACATCAATACATCTGTGGCTTC
ACTATTGATGTGTTTAGTCGCTATTTCGCTCACTGTC
AACAGCAATATACCTTC

PURPOSE
Pairs of
oligos to
generate
alternative
inserts for
MLP
retroviral
vector. 1, 2,
3, 2.1, 2.2
and 2.3 are
knockdown
options
while NCS is
negative
control
sequence

Table 18 Oligo inserts for MLP vector

Where the required insert was longer than 100 bp and was a sequence from genomic
DNA (e.g. DNA probes for Southern blots), primers were ordered to amplify a
genomic sequence containing a length of DNA suitable for a probe. The relevant
sequence was amplified and cloned into an appropriate vector using the TOPO TA
Cloning Kit (Invitrogen #K4530-20) and the manufacturer’s recommended protocol.
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The primers used, their sequence and the purpose for which they were used are set out
in Table 19 below.

PRIMER

SEQUENCE

PURPOSE

Hira LHF

ACAGAGATGTGCCTGGCTCT

Generation of 5' probe sequence

Hira LHR

GCTTTGTAACCCATGCTGGT

for Hira knockout Southern blot

Hira RHF

TTCAAGGGAGTGGGTAGCAC

Generation of 3' probe sequence

Hira RHR

TTCCAAGGGTACCCAGAATG

for Hira knockout Southern blot

Table 19 Primers used to generate DNA probes for Southern blots

6.2.4 GENOMIC DNA PREPARATION FROM CELL CULTURES OR
ANIMAL TISSUE
Lysis buffer (100 mM Tris HCl pH 8.5, 5 mM EDTA, 200 mM NaCl, 0.2% SDS)
with Proteinase K (Sigma-Aldrich #P2308) at 0.1 mg/ml was used at a volume of 1
ml/107 cells in a 1.5 ml Eppendorf. The resulting mix was shaken gently at 55ºC
overnight to lyse cells and digest protein. For PCR reactions, the DNA was then
heated to 75ºC for 15 minutes to denature the proteinase K. For subsequent uses
requiring DNA purification, the Eppendorf was then vortexed briefly and centrifuged
at 13,000 rpm for 3 minutes. The supernatant was removed with a pipette, mixed with
an equal volume of phenol/chloroform/isoamyl alcohol in the ratio 25:24:1 (SigmaAldrich #P2069). The resulting mixture was rotated for 20 minutes on a vertical wheel
to ensure thorough mixing without shearing the genomic DNA. The mixture was then
centrifuged at 13,000rpm for 3 minutes and the aqueous layer removed without
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disturbing either the interface layer or the lower phenol layer. The aqueous layer was
then mixed again with an equal volume of phenol/chloroform/isoamyl alcohol and the
process repeated until the interface layer was reasonably “clean”.
At that point, the aqueous layer was mixed with 10%v/v 3M sodium acetate and
70%v/v isopropanol and mixed thoroughly. It was then cooled at -80ºC for 5 minutes
before being centrifuged at 13,000rpm at 4ºC for 20 minutes. The supernatant was
then decanted and the DNA pellet washed with 200%v/v of 70% ethanol before
further centrifugation at 13,000rpm at 4ºC for 5 minutes. The ethanol was then
removed, the pellet air-dried and then resuspended in dH2O prior to storage at -20ºC.

6.2.5 DESIGN AND GENERATION OF PROBES FOR SOUTHERN
BLOTTING
Where ES cells had been electroporated using the Institute of Child Health conditional
knockout construct (see APPENDIX 1) and the resulting clones had survived
subsequent positive (G418) selection and negative (TK) selection, DNA was prepared
from the individual clones and initially tested by PCR for correct homologous
recombination of the 5' arm of homology.

Clones which tested positive by PCR were subsequently confirmed by Southern blot
using a 5′ probe of 562bp (chr16:18908826:18909387) and a 3′ probe of 978bp
(chr16:18916079-18917056) to test for correct homologous recombination of both the
5' arm and the 3' arm of homology. The genome references refer to Build 37 assembly
by NCBI and the Mouse Genome Sequencing Consortium. These probes were
designed to bind respectively 5′ of the 5′ point of homologous recombination of
genomic DNA with the vector and 3′ of the 3′ point of homologous recombination of
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genomic DNA with the vector. The fragments of genomic DNA after HindIII
digestion which hybridised with the left hand probe were a different size for
recombinant (8.1 kbp) and wild type DNA (6.3 kbp). BglII digestion of genomic
DNA was used with the right hand probe to generate fragments which hybridised with
recombinant DNA of 7.5 kbp and with wild type DNA of 9.1 kbp.

The 5′ probe sequence was

ACAGAGATGTGCCTGGCTCTACCTCCTGAGTGCTGGGATTAAAGGGGTAT
ACTCCCATGCCTGA
CTCCTGACGGCATCTTTTCTGCTGTAGACTTGGCATTATAAATTTTGGGGC
TTATATGCCTACTCCTGCA
GAATTGTAAGCTCTTGTTTTCTTCATCAAGTAGACACTGTGTTTAGTTATGT
TAACATCCACTGCTCAGA
ATGATTTCACAGTAGACAGTCCTAAAACATGAGAAAATTAATCTAAAAAG
ACTACTTTAGATTTCCTTTT
ACTAGTAATCTAATTAAGGCTTATATTGAAAATTGTGCCTAATGCACTAGA
AGTAATAATGGTCACAATC
CTCATTGTTAATAAGGGAGTATGTAGAAGTGTAAAGGCACAGAAGTTTTG
TTTTCCTTATTTTGAGATAG
GGTCTTGATATGTAGCCTAGTCTTGCTGTACCCACTATAAGGGTACACATA
GAAGGCTTTGAAAAGTAGT
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TTACAGAGCCATGGGCAGTGACAAATGTCTGTTATCCTAGCAGCATATTG
AGTTCAAGACCAGCATGGGTTACAAAGC

The 3′ probe sequence was

TTCAAGGGAGTGGGTAGCACA
GTAATGACACCTCCTGTACTACAGGCACATGTTCCAGTTTGGCTTGTGGGT
GGATGGGTGTCTGTAGCAC
TTTTTTTTTTTCCATTTTTTTTTTTTCTTTTAGTGGATACCCTCTGTTGGGAC
TAACAGGTCCTGTACAG
AAGCAGATAGATTTGGCCCATGCAGAGCTGGTAACCTAAAGGAATGGTCT
TTGAATATTCTGTCTTCTGA
TATTTTATGTTCAGTCATGTGGGTAAGCGGGGAGTGGATGATGTCACAGTT
TCCATACTCATTTGACAGA
AAGCTCTTACTGGTGTGCCACCTGGAGAGACTATAAGGTTCAGGCAGAAG
TATGGTGCATGTCCCATGAA
CGTACATTTGTAAATCACAGTTTGATTTATCTTTGAGGTGAGAATTTTCTT
GAACTTCTTTCAAGCTTAT
ATTTTATTTACAGTGTGGAGGAACGACGCATGTTCTCCGGCTTAGTTGGTC
ACCTGATGGCCATTACCTG
GTATCTGCCCATGCCATGAATAATTCTGGCCCCACTGCTCAGATCATCGAA
AGAGAGGGCTGGAAGACCA
ACATGGACTTTGTGGGTCACCGGAAAGCTGTGACTGTTGTGGTGAGTGTC
CCTCACCTCAGAAATCCTAG
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CTATCAGTACCATCCTGAGCCATCTGCAGTGACCTACATTTGTCTTTAGAG
CTTAGGGAGTGTCAGCTTC
CCAAAGACATCTTTCTAAGACTGTGTCTCATGGAGACTGAGCTCTGGGCTC
TCAGAGTCAGCACATTATG
GTGCATCTTTTTTTTTGTAAAATGGAATATGTATGTAGGATTGTTTTATATT
TGTTAAATTCTAAAATAG
TAAATCTCTTTGGATCGGTCTTAGGAATATTGTAGCTCTATGCTAGGCTTT
ATGTCTGCCCATAGGTGCT
CCCTTGCCCAGTTCCTGTGAACAAAGAGCATTCTGGGTACCCTTGGA

The 5′ probe was a gift from P. Scambler, Institute of Child Health and the 3′ probe
was generated by PCR and subsequent cloning using TOPO TA Cloning Kit
(Invitrogen). The primers used to generate the 3' probe from genomic DNA were
Forward TTCAAGGGAGTGGGTAGCAC
Reverse CATTCTGGGTACCCTTGGAA

Probe DNA was initially prepared by purifying the cloning vector from the relevant
bacterial culture as described in 6.2.1, cutting the probe from the cloning vector with
an appropriate restriction enzyme and then gel purifying the probe by gel extraction as
described in 6.2.2.
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6.3 ELECTROPHORESIS

6.3.1 DETERMINATION OF PCR PRODUCT SIZES OR FRAGMENT
SIZES RESULTING FROM RESTRICTION ENZYME DIGESTION
An appropriate concentration agarose gel (see Table 20) was prepared in 1xTBE
buffer (900 mM Tris base pH 8.0, 900 mM boric acid, 2 mM EDTA) with ethidium
bromide at 500 ng/ml and immersed in a gel electrophoresis tank containing 1x TBE.
PCR/restriction enzyme digestion products were mixed with 6x loading dye (25 mg
bromophenol blue, 25 mg xylene cyanol FF, 4 g sucrose in 10 mls dH2O) and loaded
onto the gel together with a suitable DNA ladder (NEB #3231 or Fermentas
#SM0403). A voltage of 5-7.5 V/cm. was applied until the DNA had migrated
sufficiently for imaging using a UV transilluminator (Bio-Rad Gel Doc 2000 System).
AGAROSE GEL CONCENTRATION

EXPECTED SIZE OF DNA

0.9%

500 bp-7 kbp

1.2%

400 bp-6 kbp

1.5%

200 bp-3 kbp

2.0%

100 bp-1.2 kbp

Table 20 Agarose gel concentration used in relation to size of DNA to be detected

6.3.2 PURIFICATION OF DNA FROM AGAROSE GELS
An appropriate concentration agarose gel was prepared in 1x TAE buffer (40 mM Tris
base pH 8.0, 20 mM NaOAc, 1 mM EDTA) together with ethidium bromide at
500ng/ml and immersed in a gel electrophoresis tank containing 1x TAE. The DNA to
be purified was mixed with loading dye (NEB #B7021S) and run on the gel alongside
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a suitable DNA ladder as above. A voltage of no more than 5V/cm was applied across
the gel until the relevant slice of gel could be conveniently excised as described in
6.2.2.

6.3.3 RNA ELECTROPHORESIS USING AGAROSE GEL
The approach used was similar to 6.3.1. The main difference was the need to
eliminate RNAses as far as possible by heating all glassware to 180ºC for 3 hours,
treating other equipment with RNAseZap (Ambion #AM9780) and using DEPCtreated water to make up TBE buffer. Additionally, the 2x loading dye used was FDE
(10 mls deionised formamide, 200 µl 0.5M EDTA, 1mg bromophenol blue, 1mg
xylene cyanol FF).

6.3.4 RNA
ELECTROPHORESIS
POYLACRYLAMIDE GEL

USING

DENATURING

The equipment used for this was a Bio-Rad 2-D system (now obsolete) for vertical
electrophoresis complete with plates and combs to achieve a 1mm gel. 10 mls of gel
in 0.5x TBE was prepared by mixing

Urea

4.2 g

10xTBE

500 µl

30% acrylamide*

5.01 mls

dH2O

1 ml
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* Acrylamide:bis-acrylamide 29:1 (Bio-Rad #161-0156)

This mix was microwaved on full power for 30 seconds to dissolve the urea and the
contents were then transferred to a Falcon and topped up to 10 mls with water. The
solution was cooled on ice before adding 70 µl of 10% ammonium persulphate (APS)
and 4 µl of N, N, N', N',-Tetramethyethylenediamine (TEMED).

The gel was then created by applying this solution with a 1 ml Gilson to the top of the
electrophoresis plate assembly. Finally, the comb was put in position and left for 30
minutes while the gel polymerised.

When the gel was set, it was placed in 0.5x TBE in an electrophoresis tank with the
comb removed. The wells were flushed and the gel pre-run at 100V for 30 minutes.
20 µg of each of the RNA samples were mixed with equal volume of 2xFDE,
denatured at 65ºC for 15 minutes and then placed on ice. When the pre-run was
completed, the wells were washed again and the ladder and samples loaded onto the
gel. The gel was run at 50V until the two FDE dyes separated (15-20 minutes) and the
voltage then increased to 150V and maintained until the bromophenol blue exited the
gel. The gel was then run at 100V for additional 10 minutes

6.3.5 PROTEIN ELECTROPHORESIS USING ACRYLAMIDE GEL
This too used the Bio-Rad 2-D system with 1mm plate separation. The main lower
part of the gel (the resolving gel) was prepared as a 12% gel made up from
acrylamide:bis-acrylamide 29:1, 4x resolving buffer (1.56 M Tris pH 8.8, 0.4%
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sodium dodecyl sulphate (SDS) and dH2O to which was added ammonium
persulphate and TEMED to final concentrations of 0.1% each. After the gel was
loaded and set, the upper part of the gel (stacking gel) was prepared as an 8% gel
made up from acrylamide:bis-acrylamide 29:1, 4x stacking buffer (520 mM Tris pH
6.8, 0.4% SDS) and dH2O to which was added ammonium persulphate and TEMED
to final concentrations of 0.1% each. This was loaded until the gel plates were full and
the comb was inserted.
When fully set, the comb was removed, wells flushed and the acrylamide gel loaded
into the electrophoresis tank which was filled with 1x running buffer (per litre of H2O,
Trizma base 3.02 g, glycine 18.8 g and SDS 1 g). The protein samples were boiled
with 2x loading (Laemmli) buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol,
0.004% bromphenol blue, 0.125 M Tris HCl pH 6.8) for 5 minutes and then stored on
ice before loading 15-30 µg of protein per well. Protein concentrations were assayed
against bovine serum albumin (BSA) dilution standards using Bio-Rad Protein Assay
(#500-0006) and an Ultrospec 2100 Pro spectrophotometer (GE Healthcare Life
Sciences #80-2112-22) and the respective manufacturer’s recommended procedures.
One lane was loaded with 3-5 µl of Precision Plus Protein Kaleidoscope Standard
(Bio-Rad # 161-0375EDU). The gel was then run at 200V.
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6.4 NUCLEIC ACID ANALYSIS
6.4.1 RESTRICTION ENZYME DIGESTS
A variety of restriction enzymes were used in carrying out a prima facie check of the
expected sequence of plasmid DNA preparations. Subsequent gel electrophoresis
enabled comparison of the actual restriction fragment sizes against prior predictions
and as a prelude to Southern blots (see 6.4.5). The buffer recommended by the
manufacturer was used together with instructions for use

6.4.2 SEQUENCING
The nucleotide sequence of DNA constructs arising from ligations was checked by
sending the relevant DNA with an appropriate sequencing primer to the central CSC
Genomics Laboratory for analysis by Applied Biosystems ABI3730xl sequencer.
Sequencing primers used are set out in Table 21 with the relevant vector for which
they were used.
VECTOR

SEQUENCING PRIMER

pSUPER.retro.puro

GGAAGCCTTGGCTTTTG

pMig

CATTCCTTTGGCGAGAGGGG

pSUPER.retro.neo + GFP

CGAACGCTGACGTCATC

MLP 5'

GAATGAGGCTTCAGTACTTT

MLP 3'

GTATCAAAGAGATAGCAAGGT

Table 21 Sequencing primers used for different vectors

6.4.3 PCR-BASED ANALYSIS
PCR was primarily used to confirm the presence of specific nucleotide sequences in
genomic DNA. This used DNA Taq polymerase (Bioline #BIO21040), the thermal
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cycler already described in 6.2.3, two different cycler programs and many different
primers.
The standard reaction mix used was 25µl made up as follows
µl
x10 NH4 buffer

2.5

50 mM MgCl2

0.75

BSA

0.75

Taq polymerase

0.5

10 mM dNTP

0.5

Primers 10 mM

0.5 (each primer)*

DNA**

2.0

dH2O

Balance

*

Some reaction mixes used 1 forward and 2 reverse primers. In this case, the
volume of forward primer used was increased to 1µl so as to equal the total of
the reverse primers.

**

DNA consisted of 1 part lysis buffer +PK after overnight digestion with
earclips (see 6.2.4) diluted with 4 parts of dH2O and denatured at 75ºC for 15
minutes
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The two main cycler programs used are set out in Table 22.

STEP

KOPCR

TDPCR1

ºC

min:sec

ºC

min:sec

Initial denature

94

3:00

94

2:00

Denature

94

0:15

94

0:30

Anneal

55

0:30

65

0:30

Annealing adjustment per

0

-0.5

cycle
Extension

72

First cycle repeats

1:00

70

39

1:30
20

Denature

94

0:30

Anneal

55

0:30

Extension

70

1:30

Second cycle repeats
Final extension

20
72

5:00

70

7:00

Table 22 Thermal cycler programs

The primers used, their sequences, their purpose and the cycler programme used for
them are set out in Table 23.
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PRIMER

SEQUENCE

PURPOSE AND PRODUCT SIZE

KOF
Neo
6R
6R
(correct)

TGCAACTCTGAGAGGTCATTCTGGC
GGGACTGGCTGCTATTGGGC
ACTCATCACAAGGCTTGGTG
CCTCATCAAAAGGCTTGGTG

Detection of wild type (150bp) and
Hira knockout (680bp) alleles. KOF,
Neo and 6R were described in
(Roberts et al., 2002) but 6R was
incorrect. 6R (correct) was the right
primer

Cre-F
Cre-R
Omla
Omlb

CCGCAGGTGTAGAGAGAAGGC
CTGGCTGGTGGCAGATGG
TTACGTCCATCGTGGACAGCAT
TGGGCTGGGTGTTAGTCTTAT

Hira CKO
F
Hira CKO
R
CAS_R1_
TERM
LAR3
CRTBM
CREX R

CATGTCTCAGATTGGTGCTGTG

Detection of Cre transgene (158bp)
and endogenous myogenin (246bp).
Note that Omlb sequence (taken
from (Janmohamed et al., 2004))
was incorrect – the correct sequence
was
TGGGCTGGGTGTTAGCCTTAT
`

GGATGTCTTTCCCAGAACTTTCC
TCGTGGTATCGTTATGCGCC
CACAACGGGTTCTTCTGTTAGTCC
GGCGCATAACGATACCACGA
ATCAGGACCCATTACGCTCA

R2RBM

CCGCCTACTGCGACTATAGA

AS61
AS62
MB3224
MB3225
Hira geno
2F
Hira geno
2R

ATTGGCTTGTGAACATTTACCTA
GAATGTCCAAGTTGATGTCCTG
CTTATTGTAGCCTGGTGTGTGCC
GCAAACAGTCAAGAGTTGGATGC
GCCTAGTCTTGCTGTACCCA
CCTTCACACCTCGAATAACTTC

Detection of wild type (471bp) and
Hira CKO (291bp) alleles for Sanger
CKO construct
Detection of non-deleted Neo
cassette in Hira CKO allele (202bp)
Combined with Hira CKO F for
detection of wild type (1349bp),
CKO allele without Cre deletion
(1510bp) and with Cre deletion
(605bp)
Combined with CRTBM for
detection of deleted Neo cassette in
Hira CKO allele (216bp)
These primers were used together for
detection hCD2 transgene (660bp)
and endogenous Suv39h2 gene
(380bp)
Detection of recombinant DNA for
ICH CKO construct (1140bp) with
the primers arranged on either side
of the 5' point of recombination of
the construct

CYCLER
PROG
KOPCR

TDPCR1

KOPCR

KOPCR
TDPCR1

KOPCR

KOPCR

TDPCR1

Table 23 Primer sequences

On conclusion of the thermal cycler program, the PCR products were analysed by gel
electrophoresis to determine the presence or otherwise of specific products expected
in the presence of specific DNA sequences.
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6.4.4 QPCR-BASED ANALYSIS
Standard PCR-based analysis did not permit mice heterozygous for a transgene to be
discriminated from those that were homozygous for the transgene. In breeding
programs where it was essential to select homozygous mice (see 6.8.4), some other
technique was required. Previous techniques used successfully in Gene Control
Mechanisms and Disease were slot blotting (which relies on radioactive probes to
enable detection of a different signal ratio relative to a control for homozygotes
relative to heterozygotes) and FACS analysis for the hCD2 transgene (which relies on
higher hCD2 levels on the cell surface of T cells from homozygotes). There had been
no previous successful use of qPCR in the lab for this purpose.

The requirement was to detect mice that were Hira KOhet Crehom hCD2hom .The
approach taken was to screen mice initially by PCR to isolate mice carrying all three
of the desired gene alleles. Since it was known that Hira KO positive mice must be
heterozygous (as homozygosity is embryonically lethal) this implied that all mice that
passed the initial screen must be heterozygous wild type for Hira which was used as
the control single copy gene.

The qPCR mix used was SYBR® Green JumpStart™ Taq ReadyMix™ (Sigma #4438)
and the manufacturer’s recommended protocol was followed with the exception of
using a 20 µl total reaction volume rather than a 50 µl total reaction volume.
Annealing temperatures of 58 ºC and extension temperatures of 72 ºC were used over
40 cycles.
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All qPCR reactions were conducted using a Bio-Rad Chromo 4 PCR Detection
System (Bio-Rad #359-1590G) linked to the thermal cycler described in 6.2.3
controlled by Opticon Monitor 3.1 software (Bio-Rad).

qPCR was used in duplicate to amplify approx. 10 ng of genomic DNA from each
mouse using the primers for Hira wt, Cre and hCD2 shown in Table 24.

PRIMER
Hira Q F
Hira Q R
Cre Q F
Cre Q R
CD2 F
CD2 R

SEQUENCE
TGGGATCCCGTTGGTAAATA
CGGCTAGTTCCCTCACTGTT
CGTACTGACGGTGGGAGAAT
CCCGGCAAAACAGGTAGTTA
AGGCACGTGGTTAAGCTCTC
TGGGTTGGGACTTCTTTGAC

PURPOSE
To amplify Hira wt
To amplify Cre
transgene
To amplify hCD2
transgene

Table 24 qPCR primers for genotyping Hira KO Cre hCD2 mice
This table contains the sequence details of the qPCR primers used for genotyping together with their
purpose

By pooling 20 ng of DNA from each of the mice, dilution standards (1:3:9:27) for
each pair of primers were established enabling derivation of a regression line linking
Ct to

log10

[copy number] (arbitrarily established as 1 for each gene in the highest

dilution standard). An example of the results is shown in Table 25 in which mouse 1
which was wild type for Cre was included.
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Mouse

Hira

Cre

hCD2

1

45.876

0

29.48662

2

35.9152

29.91555

26.96157

3

11.65997

10.36698

9.350016

4

39.93074

63.92797

54.17501

5

26.65345

21.56325

39.43741

6

17.15816

15.69387

14.08515

7

23.40619

20.8066

17.00962

8

38.15105

28.99168

58.14791

9

21.46165

37.05782

14.71306

Table 25 Sample gene/transgene copy numbers
The numbers shown are the arbitrary copy numbers calculated from the qPCR results for nine mice for
Hira wild type and the transgenes Cre recombinase and hCD2

If the Cre and hCD2 copy numbers are normalised by dividing by the Hira copy
numbers for each mouse, then the notional Cre and hCD2 copy numbers become as
shown in Table 26 with the average (of the transgene positives) notional copy number
for each transgene also shown.
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Mouse

Cre/Hira

hCD2/Hira

1

0

0.642745977

2

0.83295

0.750700821

3

0.889109

0.801890226

4

1.600972

1.3567245

5

0.809023

1.479636335

6

0.914659

0.820900911

7

0.888936

0.726714515

8

0.759918

1.52414984

9

1.7267

0.685551472

Average

1.052783

0.976557177

Table 26 Copy numbers for Cre recombinase and hCD2 normalised to arbitrary Hira wt copy
numbers and averaged for all mice

Since the mouse bred to produce the above were Crehet hCD2het crosses and these
transgenes are expected to show Mendelian segregation, it would be expected that, for
each transgene, there will be 2 heterozygotes to every homozygote. Thus the predicted
actual copy number for the population in this case is 1.33. Multiplying the notional
copy numbers per transgene by 1.33/observed average notional copy number from
Table 26 should provide an unbiased estimator of the actual copy number for each
mouse as shown in Table 27.
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Mouse

Cre/H

hCD2/H

norm

norm

1

0.00

0.88

2

1.05

1.02

3

1.12

1.09

4

2.02

1.85

5

1.02

2.02

6

1.16

1.12

7

1.12

0.99

8

0.96

2.08

9

2.18

0.93

Table 27 Copy numbers for Cre recombinase and hCD2 after normalisation by expected average
copy number

As can be seen, this enables classification as follows

Crehet 2,3,5,6,7,8 (normalised copy number 0.96-1.16)
Crehom 4,9 (normalised copy number 2.02-2.18)
hCD2het 1,2,3,6,7,9 (normalised copy number 0.88-1.12)
hCD2hom 4,5,8 (normalised copy number 1.85-2.08)

6.4.5 SOUTHERN BLOTTING
10 µg of genomic DNA was digested with the appropriate restriction enzyme (see
6.2.5). In order to check that there was no constituent of this digest which might result
in poor digestion, a small sample of this digest was withdrawn and mixed with 0.5 µg
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of lambda DNA which was incubated at 37ºC for 1 hour. This sample was then run on
an agarose gel to check for efficient digestion of the lambda DNA.

The main digest was run overnight on a 0.8% agarose/1x TBE gel as described in
6.3.1 at 30V with an appropriate DNA ladder. The gel was then transilluminated
under UV light against a ruler so that particular locations on the gel could
subsequently be correlated with specific DNA fragment sizes.

The gel was prepared for blotting by gentle rocking in 0.125M HCl for 20 minutes
followed by 0.5 M NaOH,1.5 M NaCl for 40 minutes and finally with 0.5 M Tris-HCl
pH 7.4,1.5 M NaCl for 40 minutes. Nitrocellulose was prepared for Southern blotting
by washing in 2x SSC (0.3 M NaCl, 0.03 M NaCit). The DNA from the prepared
agarose gel was transferred to the nitrocellulose by Southern blotting over 5 hours
(Southern, 1975). At the completion of this process, the nitrocellulose was marked to
show the position of the wells on the agarose gel, rinsed briefly in 6x SSC and then
crosslinked twice to immobilise the DNA on the membrane.

The membrane was rolled in a nylon mesh which was then placed inside a
hybridisation bottle containing 50 mls of pre-warmed hybridisation mix (10x
Denhardts [2 g Ficoll 400, 2 g Polyvinilpyrolidone, 2 g BSA per litre dH2O], 3x SSC,
0.1%SDS, 50 µg/ml denatured salmon sperm) and pre-hybridised for 2 hours at 65ºC.
After this, the hybridisation mix was discarded.

Appropriate radioactively labelled probes had been prepared as described in 6.6.1. 25
ng of 32P labelled probe was heat denatured at 95ºC for 5 minutes and added to 7 mls
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of hybridisation mix pre-heated to 65ºC (prepared as above). This was added to the
hybridisation bottle containing the blot which was left to hybridise overnight at 65ºC.
The membrane was then washed three times for 30 minutes each with decreasing
levels of sodium ions in each wash which progressively increased the stringency of
the wash all other things being equal. These washes were respectively:•

3x SSC + 0.1% SDS

•

0.3 SSC + 0.1% SDS

•

SSC + 0.1% SDS

The temperature of the first wash was 65ºC. The Tm of the probe/DNA duplex in a
specific wash was calculated from the formula in (Sambrook and Russell, 2001) as
81.5 + 16.6*log10 (Na+) + 41*(fraction G+C)-500/n where n is the length of the probe.
The temperature of the second and third washes was adjusted to ensure progressive
increase in stringency but without the wash temperature exceeding (Tm-5) ºC .

After the third wash, the membrane was removed from the hybridisation bottle,
separated from the mesh, air dried, wrapped in Saran wrap and placed in a cassette
containing a phosphor storage screen to record radioactive decay which was
subsequently scanned by a Storm 820 PhosphorImager (GE Healthcare #28-9328-12).

The image resulting was then compared with the original gel image to enable
determination of the size of DNA fragments arising from the restriction enzyme digest
to which the radioactively labelled probe had annealed. This enabled determination of
whether a recombinant Hira allele was present within the DNA.
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6.4.6 ISOLATION OF RNA
RNA was extracted from both T cells in suspension and from adherent cells on tissue
culture flasks/plates. In some cases, RNA was prepared using the Qiagen RNeasy
Mini Kit (#74104) but the overwhelming majority of preparations used Trizol
(Invitrogen #15596-026) following the manufacturer’s recommended protocol. RNA
pellets were resuspended in DEPC-treated water and stored at -80ºC.

Most RNA was subsequently used in qPCR. Where the cDNA primers used related to
sequences sufficiently proximal (within 2 kbp) in genomic DNA that genomic DNA
contamination might affect the qPCR results, the RNA was treated with “DNA-free”
(Ambion #1906) using the manufacturer’s protocol to remove any genomic DNA.

RNA concentration of final samples was measured by NanoDrop.

The quality of RNA prepared was assessed by electrophoresis of 1.5 µg on a 1.2%
agarose gel using the method described in 6.3.3. On transillumination, the 18S and
28S RNA were examined to ensure that they presented as prominent sharp bands
without evidence of “smearing” and with the 28S band approximately twice as bright
as the 18S band. In the few instances where this was not the case, the RNA was
rejected as degraded.

6.4.7 SYNTHESIS OF CHEMICALLY STABILISED SIRNA
Since it had been shown that chemically stabilised siRNAs would provide greater and
longer-lasting knockdown in T cells than that achievable by unmodified siRNAs
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(Mantei et al., 2008), a template was designed based on the predicted siRNA
generated by an shRNA-expressing retroviral construct which produced high levels of
Hira mRNA knockdown in NIH-3T3 cells. This design also used the chemical
modifications described in (Mantei et al., 2008) as clarified in subsequent e-mails and
telephone conversations with the author. The outcome was the purchase of the
following chemically stabilised siRNAs from Qiagen

Sense:

r(GmAmAUACCGCCUCCGUGA)d(AAT)r(AmTmGm)

Anti-sense

d(T)r(AUUUCACGGAGGCGGUAUTmCm)

In the notation above, r signifies a ribonucleotide, d a deoxynucleotide and the letter
m after a base signifies a 2' methoxy modification.

In addition, sense and antisense strands based on the Qiagen Allstars negative control
siRNA were purchased but with each strand of the same length as the Hira
knockdown equivalent, with the same overhang lengths and with the same
modifications at nucleotides in the same position in the sequence.
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6.4.8 PREPARATION OF CDNA
cDNA was generated from RNA using Thermoscript RT (Invitrogen #11146-016)
using the manufacturer’s recommended protocol and was stored at -20 ºC. Where the
mRNA sequences being assayed were all known to be polyadenylated, dT primers
were used. In all other cases, random hexamers were used as primers

6.4.9 QPCR
The reagents, equipment and PCR program were as described in 6.4.4. At least three
pairs of primers were tested for each RNA being assayed except where primers taken
from published papers were used (although all of these were checked against the
transcript sequence given in Ensembl and several of these were found to have
sequence errors). The tests applied were that the primers should yield linear product
amplification with a regression correlation coefficient close to 1 over the range of
dilutions used and that the calculated product amplification per cycle was at least 1.7.
Four biological replicates of RNA samples for NIH-3T3 cells were converted to
cDNA (6.4.8) and sets of primers for 5 “control genes” (β actin, Glyceraldehyde 3phosphate

dehydrogenase,

β2

microglobulin,

polypropylisomerase

B

and

hypoxanthine phosphoribosyltransferase were tested together with 4 pairs of primers
for Hira cDNA. The most stable control gene was found to be polypropylisomerase B
(PPIB). Consideration was given to the arguments for using multiple control genes
(Vandesompele et al., 2002) but the additional complexity and cost of such an
approach was not judged to justify the likely reduction in variability of results.
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However, this control gene was not used for cell samples for which it was expected
that there would be differences in the cell cycle composition of the samples. Based on
results reported (Schmittgen and Zakrajsek, 2000) for NIH-3T3 cells, 18S rRNA was
used as the control for these samples.
The issue of which reference standard to use was particularly problematic when
examining RNA from ES cells in the process of differentiation to neural progenitor
cells (NPC). It is known that a large number of genes show significant up and down
regulation during this process (Kelly and Rizzino, 2000) and so the difficulty becomes
that of choosing a sufficiently stable reference. There is considerable variability in the
choice of control gene in the literature (sometimes with no justification for the choice
made) although clear arguments have been advanced for the use of 18S rRNA
(Marino et al., 2003) including its reliability as a measure of total RNA in the sample
and as a sensitive indicator of genomic DNA contamination in a control sample for
which cDNA preparation (see 6.4.8) has excluded reverse transcriptase. Subsequently,
(Willems et al., 2006) reported that 18S showed good stability in their studies of
mouse ES cell differentiation and was a very good reference gene in human ES cell
differentiation. On the basis of the literature then reviewed, 18S rRNA was chosen as
the control gene.
Dilution standards were invariably used to derive regression lines for each pair of
primers and these were used to assess up- or down-regulation of genes or knockdown
of gene products. All samples were duplicated and in some cases quadruplicated.

The selected primers, the genes to which they relate and the sequences of those
primers are shown in Table 28.
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PRIMER
PPIB-F
PPIB-R
Fgf4F
Fgf4R
Myc4F
Myc4R
Krt4F
Krt4R
18S F
18S R
H3.3B F
H3.3B R
Tgf2 F
Tgf2 R
Cek3 F
Cek3 R
Irs1 F
Irs1 R
Ttf3 F
Ttf3 R
Etv1 F
Etv1 R
Dlk1 F
Dlk1 R
Igf1 F
Igf1 R
cDNA Hira3
F
cDNA Hira3
R
cDNA Hira5
F
cDNA Hira5
R
H2A F
H2A R
H2A1 F
H2A1 R
H2AA1 F
H2AA1 R
H2AE F
H2AE R
Cdc25B 3F
Cdc25B 3R

GENE

SEQUENCE
TTCTTCATAACCACAGTCAAGACC
TCCACCTTCCGTACCACATC

Polypropylisomerase B
Fgf4

CTTCGTGGCCATGAGCAGCAG
CGTAGGATTCGTAGGCGTTGTA
CAGCGCTGCGGTCACTAGT
CGGTGACCACATCGATTTCC
TGGTACTCTCCTCAATCTGCTG
CTCTGGATTGACTGTGGAAGTG
CGGCTACCACATCCAAGGAA
GCTGGAATTACCGCGGCT
CTGACCCTCTGGCTGGTAACAC
AAACGAAACCGAACTCAATCTAGG
CAGCGCTACATCGATAGCAA
CCTCGAGCTCTTCGCTTTTA
AAATCCGCTTCACCATCAAG
TCACAGCATTTGGATCTTGC
CCAGCCTGGCTATTTAGCTG
CCCAACTCAACTCCACCACT
GCTCGTGTACTACCGTGCAA
CAGCCTTGATTAGCCTCTGG
CCCAGATGATGTCTGCATTG
GCCTGTCCAAGCAATGAAAT
TGTCAATGGAGTCTGCAAGG
AGGGAGAACCATTGATCACG
GTCGATGTTGGTGCTTCTCA
AAGCAGCACTCTTCCACGAT
CTCCAACTCTGGAAGGCAAG

Mycn
Krt18
18S rRNA
Histone H3.3B
Tgf-β2
Cek5 receptor ligand
IRS-1
Ttf1
Etv4
Dlk-1
Igf-2

Hira

CAGTGGAGCAGTGAACTGGA
ATAGTGTGGTCCTGCCCTTG

Hira

TCCAGTTCACTGCTCCACTG

Histone H2A

AGCAGGGCGGCAAAGCTCGT
TTACCCTTACGGAGAAGGCG
TCGCGCCAAGGCCAAGACT
CCCACGCGCTCCGAGTAGTT
AACTGTAGCCCGGCCCG
TTCGTCTGTTTGCGCTTT
ACCGGCTGCTCCGCAAA
TGATGCGCGTCTTCTTGTTGT
GATGGCAAACACCAAGACCT
GCAGAAAGGTCTCAGCATCC

Histone H2A
Histone H2A
Histone H2A
Cdc25B

Table 28 qPCR primer sequences
This table shows the primers used, the genes to which they related and their sequence
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6.4.10 NORTHERN BLOT
A 32P radioactively labelled RNA ladder was prepared in accordance with 6.6.3. This
was diluted to provide a final radioactivity count of 20cps/µl measured on a Bioscan
QC-2000.
A denaturing polyacrylamide gel was prepared and run as in 6.3.4 with an RNA
ladder denatured at 95ºC and run alongside the RNA samples. When the RNA was
judged to have run sufficiently far, the gel was dismantled and placed in 10mM Naphosphate (1M Na-phosphate was made up from a mix of 1M Na2HPO4 and 1M
NaH2PO4 to achieve a pH of 7.2) for 10 minutes. The gel was then soaked in 50-100
mls of RNAse-free sterile 20xSSC for 10 minutes. During this time, Hybond-N
membrane was cut to the size of the gel and immersed first in distilled water and then
in 20xSSC for 5 minutes

The blot was then set up by building a vertical blotting stack in the following
sequence (from the bottom up) a clean glass plate, the gel, the membrane and 3 pieces
of 3MM Whatman paper soaked in 20x SSC. 5-10 mls 20x SSC were then added to
soak the stack which was then completed with a paper towel stack (5cms thick),
another clean glass plate and topped with a 0.5 kg weight. The stack was then left
overnight to transfer RNA to the membrane.
The following day, the blot was disassembled and the membrane placed RNA side up
on 3M Whatman paper to dry. It was then UV crosslinked twice, pre-hybridised for
30 minutes in hybridisation buffer (0.25 M Na-phosphate buffer) and 7% SDS at the
selected hybridisation temperature of (Tm – 25)ºC where Tm had been calculated for
the probe using the equation for DNA/RNA hybrids (Tm = 79.8 + 18.5 log10 Na+ +
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58.4 (%CG) + 11.8(%CG)2 - 820/n where n is the probe length) based on (Sambrook
and Russell, 2001) section 6.60.
The pre-hybridisation buffer was then removed and replaced with 5 mls of fresh hyb
buffer to which was added denatured probe which has been radioactively end-labelled
with

32

P (see 6.6.2). This was hybridised overnight after which the membrane was

washed twice for 10 minutes in 50 mls 2x SSC+0.1% SDS at Tm - 15ºC before being
put in Saran wrap and placed in a PhosphorImager for an appropriate period.

The probe used was ATACCGCCTCCGTGAAATA which annealed both with the
shRNA and the resulting siRNA predicted to be generated by the integrated
retrovirus.
The blot was then stripped by covering it with boiling 0.5%SDS in dH2O and left for
15 minutes which was repeated 3 times.

The hybridisation procedure was then repeated using as a probe for U6snRNA (the
loading control) whose sequence was
GAATTTGCGTGTCATCCTTGCGCAGGGGCCATGCTAA.
The hybridisation and subsequent wash temperatures were revised to reflect the new
probe and the blot was then placed in a PhosphorImager for an appropriate period.
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6.5 PROTEIN ANALYSIS

6.5.1 NUCLEAR EXTRACT
As Hira is predominantly a nuclear protein, nuclear extracts were prepared in
accordance with (Sambrook and Russell, 2001) section 17.9, the protein concentration
was measured and an appropriate volume of nuclear extract was run through a
polyacrylamide gel (PAG) as described in 6.3.5.

6.5.2 WESTERN BLOTTING
When the electrophoresis described in 6.5.1 was complete, an Immun-Blot PVDF
membrane (Bio-Rad #162-0177) of the same dimensions as the gel was prepared with
successive washes in 100% methanol, dH2O and finally in transfer buffer (per 1000
mls, 2.9 g glycine, 5.8 g Trizma base, 0.37 g SDS, 200 mls methanol).

A blotting stack was created from a base of 3 pieces of 3MM Whatman paper
(Whatman #3030-700) soaked in transfer buffer, the prepared PVDF membrane, the
gel, topped off by 3 more pieces of 3MM Whatman paper soaked in transfer buffer.
The stack was then placed on the anode of a TE77 semi-dry transfer unit (GE
Healthcare Life Sciences # 80-6211-86) and the cathode was closed on top of the
stack. Transfer of protein from gel to membrane was then achieved by subjecting the
stack to a current of 80 mA (max. 30V) for 90 minutes.

198

Transfer was confirmed by staining the membrane in Ponceau Red (per 500mls, 2.5g
of Ponceau S (Sigma #3504) and 5mls glacial acetic acid) to reveal protein bands.
After washing with dH2O to remove Ponceau Red and briefly with TBST (per 1000
mls, NaCl 8.01 g, Trizma base 1.21 g, pH adjusted to 7.5 with HCl, 0.5 mls Tween 20
[Sigma #P1379]), the membrane was blocked for a minimum of 1 hour with TBST+
5% milk.

6.5.3 PROTEIN DETECTION
No effective antibodies for detection of murine HIRA have been reported other than
WC119, a monoclonal mouse IgG antibody described in (Hall et al., 2001). However,
some significant problems arose in using this antibody (described in more detail in
6.5.4).

The protocol adopted was to cover the surface of the blot prepared in 6.5.2 with
undiluted hybridoma supernatant for 1 hour on a Stuart Gyratory Rocker SSL3
(Sigma #Z654515) so as to provide continuous movement of the antibody over the
surface of the blot. The blot was then washed 4 times for 5 minutes each in TBST.
Subsequently, the surface of the blot was covered with an HRP-conjugated goat antimouse Igg antibody (Millipore #AP124P or Santa Cruz #sc-2302) diluted 1:5,000 in
TBST+5% milk and rocked as above for 30 minutes prior to washing as above.

The presence of HRP on the blot was then detected using ECL Plus Western Blotting
Detection Reagents (GE Healthcare #RPN2132) using the manufacturer’s
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recommended protocol. The image was compared with the protein ladder on the
original blot to estimate the size of protein detected.

Where it was desired to assess relative levels of HIRA in nuclear extracts from
different cell populations, a protein expected to be at similar levels in the various
samples was used as a loading control. The protein selected was LAMIN B1 and, to
assay this, the blot was first shaken in stripping buffer (62.5mM Tris-HCl pH6.8, 2%
SDS, 100mM β-mercaptoethanol) for 30 minutes at 55ºC) to remove previously
bound antibodies. After three washes in TBST and blocking in TBST+5% milk, the
blot was then probed with LAMIN B1 (M-20) goat IgG (Santa Cruz #sc-6217) diluted
1:500 and after washing as above was exposed to HRP-conjugated bovine anti-goat
IgG (Santa Cruz #sc-2384) diluted 1:1000

6.5.4 ISSUES WITH MONOCLONAL ANTIBODY WC119
An aliquot of this was obtained from Dana-Faber Cancer Institute (DFCI) (who held
the IP rights at the outset of this work) after a lengthy exercise by them to subclone
their stocks of WC119 hybridoma as this was found to be polyclonal. However, this
gave multiple bands with test protein extracts despite every effort being made to
optimise the protocol. The antibody was confirmed as not fit for purpose when DFCI
sent a copy of their test western blot (Figure 53) with the covering note “As you
observed, there are multiple bands”.
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Figure 53 Test western blot of WC119 antibody by Dana Farber Cancer Institute
This western blot was prepared by DFCI to confirm that the WC119 antibody supplied by them would
detect murine HIRA

Subsequently, Active Motif acquired the marketing rights for WC119 but their
protocol did not suggest that WC119 could be used in western blots. Instead, they
recommended immunoprecipitation with another monoclonal antibody WC15 (Active
Motif #39556) followed by a western blot of the immunoprecipitate using WC119
(Active Motif #39557). While this did provide an ability to detect HIRA as shown in
Figure 54, this came at the cost of losing the ability to approximately quantify HIRA
levels in different protein samples.
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Figure 54 Test western blot to detect HIRA in various dilutions of WC15 immunoprecipitate
using WC119 antibody

6.5.5 GENERATION OF ALTERNATIVE ANTI-HIRA ANTIBODIES
Given the considerable difficulties in finding a usable version of WC119, steps were
taken to develop a new antibody. Since WC119 had been raised in mice against
glutathione-S-transferase (GST)-HIRA[421aa-729aa] (Hall et al., 2001), it was
decided to generate a shorter protein based on this sequence for use as a peptide. It
had been reported (Tang et al., 2006) that HIRA[421-479] was the minimum region of
HIRA that retains binding to Asf1a. Accordingly, it was reasoned that these residues
were on the surface of the HIRA protein and that antibodies raised to GSTHIRA[421aa-479aa] might be specific for HIRA.

pGEX-6P-1 (GE Healthcare Life Sciences #27-4597-01) was chosen as the expression
vector and has an IPTG-inducible promoter for expression of inserts. cDNA was
prepared using RNA from NIH-3T3 cells. RNA extraction methods and cDNA
preparation methods were as described previously in 6.4.6 and 6.4.8.
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cDNA was then subject to PCR using a forward primer containing an EcoRI
restriction site and a reverse primer containing an XhoI restriction site
F- ATGGAATTCAGGGAGACAAGCTCAGCATC
R- ATGCTCGAGTGGGATGCTGTTGAAGAATG
to enable directional cloning into the EcoRI/XhoI restriction sites in the MCS of
pGEX-6P-1.

The relevant PCR product (185 bp) was separated by gel extraction and this and
pGEX-6P-1 were then independently cut with EcoRI and XhoI. The products of these
restriction enzyme digests were then ligated using T4 DNA ligase (NEB #M0202L)
using a molar ratio of vector:insert of 1:5 and the manufacturer’s recommended
protocol. Mini-preps and glycerol stocks of the resulting ligated products were
prepared as already described and sequenced using the primers recommended by the
manufacturers.
Clones bearing the correct sequence were used to transform BL21-Codon Plus
(DE3)–RIL cells (Stratagene # 230245). A number of different lines of transformed
Codon Plus cells were cultured and supernatant harvested according to the
manufacturer’s protocol both with and without IPTG (Sigma #I1284). An appropriate
volume of supernatant was then prepared and run on a PAG. The gel was then
immersed in Coomassie blue (per 1000 mls, 2.5g Coomassie brilliant blue R-250
[Fisher # BPE101-25], 50 mls glacial acetic acid, 500 mls methanol, 450 mls dH2O)
and boiled on full power in the microwave for 45 seconds. The gel was washed
overnight in dH2O and was then visualised. As can be seen in Figure 55, the most
intense band in all IPTG-induced samples was at 32.5 kDA (the predicted size of the
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GST-HIRA fusion protein and this band was absent/weak in all non-induced
samples).

Figure 55 Gel image of protein extract from BL21 cells transformed by pGEX-6P-1 [HIRA421479] clones
Image shows extracts relating to three separate pGEX-6P-1 [HIRA421-479] clones (lanes 1-2, 3-4 and
5-6) where odd numbered lanes show IPTG+ and even numbered lanes are IPTG-. Lane 9 is the protein
ladder

At this stage, a user of the original WC119 hybridoma (A. Chapgier, Molecular
Medicine Unit, Institute of Child Health) pointed out that, in their hands, the WC119
antibody was highly unstable and would produce no useful detection of HIRA after 12 weeks at 4ºC. However, fresh hybridoma supernatant did provide good detection.
Thanks are due to P. Adams for agreeing to grant use of the hybridoma. As can be
seen in Figure 56, undiluted fresh supernatant provided good detection of HIRA
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Figure 56 Test western blot using WC119 hybridoma supernatant to detect HIRA in various
dilutions of nuclear extract

Accordingly, further work on developing an alternative HIRA antibody was
suspended at this stage.
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6.6 RADIOLABELLING OF DNA AND RNA
DNA probes and RNA ladders were radiolabelled for use in Southern blots and
northern blots.

6.6.1 RANDOM PRIMED LABELLING OF DNA PROBES
25ng of probe was labelled using 32P (Perkin Elmer # NEG502Z001MC) and random
primers from the NEBlot kit (NEB #N1500S) according to the manufacturer’s
recommended procedure. Labelled probes were then separated from unincorporated
radioactive nucleotides with GE Illustra Probe Quant G- 50 micro columns (GE
Healthcare Life Sciences # 28-9034-08) according to the manufacturer’s
recommended procedure. After preparation, probes were checked by Bioscan QC2000 to ensure a sufficiently high level of activity.

6.6.2 END LABELLING OF DNA PROBES
T4 polynucleotide kinase (NEB #M0201S) was used together with gamma-[32P] ATP
according to the manufacturer’s recommendations.

6.6.3 LABELLING OF RNA LADDERS
This was achieved using Ambion Decade Marker System (Ambion #AM7778) and
the manufacturer’s recommended protocol.
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6.7 MAMMALIAN CELL CULTURES
A variety of cells were cultured, all at 37ºC in an atmosphere of 5%CO2 and high
humidity:1) Phoenix-Eco of human origin (Orbigen #RVC-10002)
2) Murine NIH-3T3
3) Murine bone marrow stem cells (ex vivo)
4) Murine T cells (ex vivo)
5) Murine WC119 hybridoma (cell replication and antibody production conditions)
6) Murine embryonic stem (ES) cells (maintenance and differentiating conditions).
The ES cells used were of three types E14 (commonly used for generation of
transgenic mice), H3.3B-GFP (derived from CBA ES cells which had been
electroporated with a construct leading to one H3.3B allele being modified to generate
an H3.3-GFP fusion protein with GFP at the C-terminus (personal communication V
Sharma and R Festenstein) and Hira homozygous KO ES cells (Meshorer et al.,
2006).

6.7.1 CELL CULTURE MEDIA
The media and supplements for each cell type are shown in Table 29.
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Cell type

Base media

PhoenixEco

DMEM (Invitrogen
#41965-039)

NIH-3T3

DMEM (Invitrogen
#41965-039)
RPMI 1640
(Invitrogen 21875091)

Mouse bone
marrow
stem

Mouse T

IMDM (Invitrogen
#21980-032)

Foetal calf
serum

50mM
B-mercaptoethanol
(Invitrogen
#31350-010)

NEAA
(Invitrogen
# 11140035)

Antibiotics

10%

No

1%

1% pen/strep

10%

0.2%

1%

1% pen/strep

10%

No

No

1% pen/strep

10%

0.2%

No

1% pen/strep

5%

0.1%

No

0.1%

No

0.2%

1%

WC119
hybridoma
(replication)

OptiMem+Glutamax
(Invitrogen #51985026)

WC119
hybridoma
(antibody
production)

Basal Hybridoma
Medium (BD
#220509)

5% for cell
replication
0% for
antibody
generation

Embryonic
stem

DMEM (Invitrogen
#41965-039)

20%

Other

0.2%
200mM
Lglutamine

20ng/ml
rmIL-3
10ng/ml
rmIL-6
50ng/ml
rmSCF
50ng/ml
rhFlt-3
ligand
100U/ml
IL-2 (after
activation)

0.5%
gentamicin
(Sigma
#G1272)
0.5%
gentamicin
(Sigma
#G1272)

1%
200mM
Lglutamine

1% pen/strep
but nil if for
blastocyst
injection

1000U/ml
LIF
(Millipore
ESG1106)

Table 29 Cell types used and culture media
This table shows the different cell types cultured, the base medium for each and required
supplementation.

6.7.2 CELL PASSAGING
The adherent cells were passaged as they approached confluence by removing
medium, washing twice with PBS free of Ca++ and Mg++ ions and then generating a
single cell suspension using 0.25% Trypsin-EDTA (Sigma #T4049) before quenching
with 2x volume of medium. Subsequently, ES cells were split 1:3 to 1:4 while
Phoenix cells and NIH-3T3 cells could be split 1:3 to 1:10.
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WC119 hybridoma cells were passaged when they reached 8x105 cells/ml and were
split 1:4. T cells were passaged at 5x106 cells/ml and were split 1:4.

6.7.3 CELL TRANSFECTION AND TRANSDUCTION
Phoenix-Eco cells were used for ecotropic retroviral packaging by transfection with
retroviral plasmid and a helper plasmid to generate gag-pol. The transfection reagent
was Lipofectamine 2000 (Invitrogen #11668-027) and the manufacturer’s protocol
was followed except that better ultimate transduction results were obtained by
transfecting at 60-70% confluence rather than the recommended 90-95%.
Transfection of a T25 flask required the addition in 1.5 mls of Optimem (Invitrogen
#31985062) of 7.5 µg of the relevant retroviral plasmid and 2.5 µg of helper plasmid.
After 6-18 hours, the transfection medium was replaced by medium suitable for the
cells to be transduced.and this was left for 24 hours. The medium was then removed
and passed through a 0.45 µm filter to remove any Phoenix-Eco cells before addition
to the target cells. Addition of polybrene at 6-8 µg/ml substantially improved
transduction efficiency in most target cells (Davis et al., 2002). Transduction
efficiency was also improved by centrifugation at 400 rcf for one hour. This may have
been because the cells were centrifuged onto the base of the plate and the
polybrene/retrovirus complexes sediment slowly onto the cells resulting in a large
increase in the local retroviral concentration (Landazuri et al., 2006).
Transduction medium was removed after 6-18 hours and replaced by fresh medium.
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6.7.4 SELECTION OF PHOENIX-ECO CELLS
Over time, Phoenix-Eco cell lines would become less efficient at generating retroviral
particles as they lost the capacity to generate gag-pol or envelope proteins. PhoenixEco cells were constructed so that the former had hygromycin as a co-selectable
marker and the latter had diphtheria toxin resistance as the co-selectable marker.
Accordingly, when the transduction efficiency of Phoenix-Eco cell lines was reduced,
cells were grown in selective media for a minimum of one week so as to restore the
efficiency of the cell line.

6.7.5 SELECTION OF TRANSDUCED CELL LINES
Where retroviral transduction conferred puromycin resistance on cells, they could be
selected for the presence of the retrovirus. For all cell lines, 1 µg/ml of puromycin
starting 36 hours after transduction achieved efficient selection within 7 days as
judged by early levels of cell death and, in the case of MLP, by GFP expression in
nearly 100% of surviving cells after this time.

6.7.6 ES CELL DIFFERENTIATION
The ES cells were grown in the usual ES cell media (see 6.7.1) on gelatine and split
1:3 onto two gelatinised T25 flasks which had been shielded from light with
aluminium foil. One of these (the control) was cultured in the usual ES cell media.
The other was grown in the same media but with only 200 U/ml of LIF (rather than
the 1000U/ml of the control) and 1µg/ml of all trans retinoic acid (Sigma #R2625210

50mg) as reported by (Kelly and Rizzino, 2000). This combination initiates the
differentiation of ES cells into neural progenitor cells (Li et al., 1998).

6.7.7 DERIVATION OF MURINE T CELLS
Mice were sacrificed and mesenteric lymph nodes and thymus were dissected. These
were teased apart with forceps in PBS or T cell medium. Recovery of T cells was
enhanced by repeated pipetting of the resulting fragments. The resulting cell
suspension was then filtered through a 70 µm cell strainer to remove debris. The cells
were then centrifuged at 300 rcf and resuspended in T cell medium.

6.7.8 DERIVATION OF MURINE BONE MARROW STEM CELLS
(BMSC)
5 days before harvesting of BMSC, donor mice were injected intraperitoneally with
15 µl per gm of bodyweight of 5-fluorouracil @ 10 mg/ml (Invivogen #sud-5fu). This
was done to preferentially kill the rapidly proliferating lymphocytes and increase the
proportion of stem cells remaining within the bone marrow. Subsequently mice were
sacrificed and doused in 70% ethanol. Under sterile conditions, the rear legs were
removed and the femurs were flushed through with PBS using 10 ml syringes and
30G needles. The resulting suspension of bone marrow cells was filtered through a 70
µm cell strainer to remove debris. Cells were pelleted at 400 rcf for 5 minutes,
resuspended and then pelleted again. The cells were then treated with ammonium
chloride solution (Stem Cell Technologies #07800) according to the manufacturer’s
recommended procedures in order to achieve red blood cell lysis. Cells were then
washed and pelleted twice in HBSS-10%FCS (Invitrogen #14025-050) before
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resuspension in medium plus cytokines as specified in 6.7.1 at a density of 106
cells/ml. The cells were then incubated in a 12 well plate at 2 mls/well.

6.7.9 HCD2 DEPLETION
For procedures which were expected to modify the rate of derepression of an hCD2
transgene, T cell populations were depleted of hCD2-expressing cells by the use of
Dynal beads (Invitrogen #111.59D) coated with hCD2 antibody. The manufacturer’s
protocol was followed except that the procedure was repeated three times in order to
achieve full depletion.

6.7.10 ACTIVATION OF T CELLS
Retroviruses will only transduce dividing cells. T cells from healthy animals are
normally in a resting, non-dividing state. To enable transduction, T cells were
activated by placing them into wells of a plate pre-treated overnight at 4ºC with PBS
containing 20 µl of anti-mouse TCRβ (BD Pharmingen #553167) and 4µl of antimouse CD28 (BD Pharmingen #557393) per ml and subsequently washed three times
with ice cold PBS. At this point, IL-2 (Roche Applied Science #11 271 164 001) at
100 U/ml was added to the T cell medium.
Retroviral transduction was carried out 24 hours after cells were first activated.
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6.7.11 NUCLEOFECTION OF T CELLS
Chemically modified siRNAs as described in 6.4.7 were introduced into resting T
cells using the Amaxa nucleofector II (Lonza AAD-1001) and a mouse T cell
nucleofection kit (Lonza #VPA-1006) and the manufacturer’s recommended
protocols.

6.7.12 CELL PROLIFERATION CONTROLS
Some procedures examined the effect of specific treatments of activated T cells on
derepression of hCD2 transgenes. However, since greater proliferation of such cells
can itself affect derepression, it was important to eliminate this confounding effect by
comparing only cells that had undergone similar proliferation. This was achieved by
using cell proliferation kits which enable consistent staining of individual cells in a
population and operate on the principle that the initial cell staining is equally
partitioned between the two daughter cells when the cell divides. This enables the
extent of residual staining in cells to be used as a measure of cell proliferation. The
method for detecting residual staining was flow cytometric analysis (see 6.9) and in
order that staining for proliferation measurement should not interfere with other stains
being used, two cell proliferation kits with different excitation/emission spectra were
used. These were Celltrace CFSE Proliferation Kit (Invitrogen #C34554) and PKH26
(Sigma #PKH26GL-1KT) which were used according to the manufacturer’s
recommendations.
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6.7.13 METAPHASE SPREADS
ES cells being cultured for blastocyst injection required screening to ensure low levels
of aneuploidy. This was achieved by preparing metaphase spreads. This was achieved
by blocking exponentially growing ES cells in a 25 cm2 flask in G2/M by the addition
of 10 µg/ml Demecolcine solution (Sigma #D1925) to achieve a final concentration of
20 ng/ml. The cells were left for 1 hour to achieve an increased concentration of cells
in metaphase.

Cells were then trypsinised and washed in PBS and pelleted before resuspension in 5
ml of hypotonic solution (0.056% KCl) for 6 minutes to cause them to swell.
Hypotonic solution was then removed leaving a drop to resuspend the cells which
then had 5mls of fixative (methanol:glacial acetic acid of 3:1) added. After 5 minutes,
the cells were centrifuged at 200 rcf, fixative was aspirated and fresh fixative was
added (repeated 3 times). After resuspending the cells in 1ml of fixative, individual
drops of the cell suspension were released onto acid-washed (5% glacial acetic acid in
ethanol) microscope slides from a height such as to cause the cells to rupture
sufficiently for their chromosomes to be counted individually but not so much that it
became impossible to establish which chromosomes originated from which cell.

After drying, the slides were stained with 10% Gurr Giemsa stain (BDH #350864X)
for 20 minutes, washed twice in tap water and once in dH2O and left to dry overnight.
After addition of coverslips the following morning, the slides were read at 100x
magnification on a Leica DMRB with a Photometrics Coolsnap camera.
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6.8 MICE

6.8.1 MOUSE STRAINS
The following strains of mice were used

STRAIN
1.3B
1.3A
1.3A14
Igf2(A.1)
Mg4
Hira KO
Hira CKO
Thy1a
Flp deleter

Cre

FEATURES
BACKGROUND
Variegating hCD2
transgene
CBA/Ca
Non-variegating
hCD2 transgene
Knockout of Hira

CD1

Conditional
knockout of Hira
Homozygous for
CD90.1
Homozygous for
Flpe
expression
under control of
human
ACTB
promoter
Heterozygous for
Cre
expression
under control of
murine
CD4
promoter

C57BL/6N
CBA/Ca
C57BL/6J

SOURCE
Prof. R. Festenstein

Professor
Peter
Scambler
WTSI
Mouse
Genetics Program
NIMR
Associate Professor
S. Dymecki

Dr. P. Wijchers
C57BL6/CBA/Ca

6.8.2 GENERATION OF MICE WITH A HETEROZYGOUS HCD2
TRANSGENE AND HETEROZYGOUS HIRA KO ALLELE
These were generated by crossing a Hira KO mouse with a mouse from one of the
strains with an hCD2 transgene. Each individual strain has been extensively
backcrossed to a single inbred strain so that the FI littermates from such crosses were
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genetically identical except at the hCD2 locus and at the Hira locus. Accordingly,
differences in two littermates, both of which carried an hCD2 transgene but which
varied in whether or not the Hira KO allele was present or not, could be attributed to
heterozygous knockout of Hira rather than to differences in genetic background.

6.8.3 GENERATION OF HIRA CKO TRANSGENIC MICE
A Hira CKO construct (to which the author’s M.Sc. project had contributed)
developed at Institute of Child Health (ICH) was linearised and electroporated into
E14 ES cells at ICH. After positive and negative selection, a number of clones were
identified as potentially recombinant by PCR at ICH and confirmed by Southern blot
as described in 6.4.5. One of these clones was cultured and karyotyped by the author
and then injected into blastocysts by the Transgenic Unit at the MRC Clinical
Sciences Centre. A total of 6 resulting mice were more than 80% chimeric (including
one 97% chimeric male). Despite this and more than 150 pups resulting from
breedings from these chimera, no germline transmission occurred. This failure of
germline transmission was also experienced with other clones at ICH. Further details
are given in APPENDIX 1.

WTSI Mouse Genetics Program agreed in July 2007 that the generation of Hira CKO
was a priority but experienced considerable difficulties in achieving this. However, in
April 2010, heterozygous mice bearing a Neo selection cassette were delivered to
Imperial College. Homozygous Flpe deleter mice (Dymecki, 1996) were crossed with
these to produce pups. A recent paper (Wu et al., 2009b) had suggested that
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recombination activity of Flpe was weak and indeed 2 of the first 11 heterozygous
Hira CKO pups from these matings were chimeric for Neo cassette presence/removal.
This was an important issue as the absence of a single homozygous Hira CKO pup
from 47 pups born to Hira CKOhet x Hira CKOhet matings would suggest that the
presence of the neo cassette when homozygous results in embryonic lethality.

6.8.4 GENERATION OF TISSUE SPECIFIC KNOCKOUT OF HIRA IN T
CELLS OF HCD2 TRANSGENIC MICE
In view of the very limited time available, the strategy was to develop mice that were
Hira KOhet Crehom hCD2hom to cross with pups that were heterozygous Hira CKO
(neo deleted). This was intended to result in pups that were heterozygous for Cre
(under the control of a CD4 promoter) and for hCD2. Accordingly, it was expected
that the floxed Hira exon would be deleted in T cells only. If the Hira CKO neo
cassette was deleted in the germline, then it would be expected that compound
heterozygote Hira KO/Hira CKO pups would express sufficient HIRA for viability in
other tissues but would show full knockout in T cells. If the Neo cassette has not been
deleted in the germline, then compound heterozygosity Hira KO/Hira CKO might
well result in embryonic lethality.

The other disadvantage of this accelerated approach is that neither the Hira CKOhet
(neo deleted) nor the Hira KOhet Crehom hCD2hom strains were backcrossed to
minimise differences in genetic background. Thus F1 littermates had genetic
differences other than those at the Hira locus so that the possibility could not be
excluded that phenotypic differences associated with different Hira alleles might be
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attributable to background genetic differences rather than to the differences at the
Hira locus.

6.8.5 ADOPTIVE TRANSFER OF BONE MARROW STEM CELLS
(BMSCS)
BMSCs cultured as in 6.7.8 were used after 4 days in culture to repopulate the
haematopoietic system of an irradiated (900 rads) recipient of the same strain as the
donor mice by tail vein injection of 0.2-1.0x106 cells suspended in 0.3 mls of HBSS.
Cells derived from these BMSCs were distinguished from endogenous cells of the
recipient mouse as the donor and recipient had a difference in a specific cell surface
maker on T cells (recipients were CD90.1 and recipients were CD90.2) which was
detected using appropriate fluorophore-conjugated antibodies and flow cytometry (see
6.9)

6.8.6 GENOTYPING
Genotyping of mice was usually carried out by PCR (see 6.4.3) and occasionally by
qPCR (see 6.4.4). In the case of Thy1a mice, the gene for their specific T cell surface
marker, CD90.1, had only a one nucleotide difference from the more common
polymorphism of that gene, CD90.2. This difference could not be detected by PCR
but there are antibodies that are specific for the two variants. Accordingly, these mice
were genotyped by flow cytometry (see 6.9).
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6.9

FLOW CYTOMETRIC ANALYSIS (FACS)

Various cell types were analysed for a variety of cell surface markers described in
6.9.2, for proliferation assay reagents (CFSE and PKH26) as well as for GFP
expression (following transduction with GFP-expressing retrovirus) and for
propidium iodide staining (see 6.10.3).

6.9.1 FLOW CYTOMETRY EQUIPMENT AND SOFTWARE
The analysers used are set out in Table 30

MACHINE

CATALOGUE

CAPABILITY

NAME

NUMBER

FACScan

Now obsolete

Single laser, 3 colour

FACSCalibur

Becton Dickinson

Dual laser, 4 colour

#342975
LSR II

Becton Dickinson

Four laser, 8 colour

#347545

Table 30 Flow cytometry analysers

The relevant machine was compensated for fluorophore spectral overlap before each
use according to the manufacturer’s protocol.

Subsequent analysis was carried out using the software in Table 31.
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MACHINE NAME

SOFTWARE

FACScan and FACSCalibur

Cell Quest Pro

LSR II

FACSDiva

Table 31 Flow cytometry software

All analysis employed gating by side scatter/forward scatter to exclude dead cells.
Cells of interest were gated by fluorescence of relevant cell surface markers except
those where nuclei had been stained with propidium iodide (see 6.10.3)
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6.9.2 CELL
SURFACE
MARKERS
CONJUGATED ANTIBODIES USED

AND

FLUOROPHORE-

A number of antibodies were purchased with a variety of conjugated fluorophores so
as to minimise spectral overlap between antibodies required for specific experiments.
Most fluorophore conjugated antibodies were used as 1% dilutions in PBS-1%BSA at
the rate of 25 µl per 106 cells (minimum 50 µl) ensuring full resuspension of the cells
in the antibody mix. Samples were left in the dark for 30-45 minutes at 4ºC prior to
final washing and flow cytometric analysis. New antibodies were titrated at a variety
of concentrations to ensure saturation staining of the relevant cell surface markers.

The fluorophore abbreviations are shown in Table 32.

ABBREVIATION

FULL NAME

FITC

Fluorescein isothiocyanate

PE

R-phycoerythrin

TC

Tri-Color

PerCP

Peridinin-chlorophyll-protein complex

APC

Allophycocyanin

Table 32 Fluorophore abbreviations

The antibodies used in terms of the cell surface markers for which they showed
specificity and the manufacturer/catalogue number are shown in Table 33.
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CELL SURFACE

FLUOROPHORE

MANUFACTURER/

MARKER

CONJUGATED TO

CATALOGUE

ANTIBODY

NUMBER

FITC

Invitrogen #CD0201

Biotin+ Streptavidin APC

555325 + 554067

PE

553853

TC

Caltag #RM2506

PerCP

553052

TC

Invitrogen #MCD0806

PerCP

553036

APC

553035

CD8b

PE

550798

CD90.1

PE

551401

CD90.2

PE

553005

APC

553007

FITC

553087

PE

553090

CD25

FITC

558689

CD69

FITC

557392

PE

553237

TCRβ

APC

553174

SSEA-1

PE

560142

hCD2

CD4

CD8a

CD45/B220

Table 33 Antibodies used for FACS
This table shows proteins detected, fluorophore conjugated and catalogue number. Except where
otherwise indicated, the manufacturer is BD Pharmingen.
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6.9.3 PREPARATION OF CELLS FOR FACS ANALYSIS
Cells in culture or T cells derived from thymus or mesenteric lymph nodes (see 6.7.7)
were washed in PBS and then centrifuged at 300 rcf at 4°C for 7 minutes. Supernatant
was then removed and resuspended in an appropriate volume and concentration of
antibody (see 6.9.2). The cells were then kept in the dark at 4°C for 3045 minutes.
After this, the cells needed no more processing before FACS analysis than a final
wash in PBS prior to centrifugation as above and resuspension in an appropriate
volume of PBS.
If it was desired to analyse T cells from peripheral blood, the blood first had to be
harvested either by venepuncture from a tail vein or by removing the tail tip under
local anaesthetic. The cells were then washed and stained with antibody as for other
cells. However, the peripheral blood contained red blood cells which would have
interfered with the signal from some of the fluorophores. Accordingly, after antibody
staining these were lysed at 37ºC for 5 minutes by washing in Gey’s solution made up
fresh as a 20:5:5:70 mixture of stock A: stock B: stock C: dH2O. The composition of
the stocks is shown in Table 34.

GEY’S STOCK
A
B
C

COMPOSITION PER LITRE
35.0 g KCl
0.56 g NaHPO4
5.0 g glucose
4.2 g MgCl2.6H2O
1.4 g MgSO4.7H2O
22.5 g NaHCO3

Table 34 Components of Gey’s solution
This table shows the individual components of Gey’s solution and their chemical composition.
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The cells were then centrifuged at 300 rcf at 4ºC and the Gey’s solution was removed
by aspiration. The cells were then resuspended in 300 µl of PBS and analysed by
FACS.
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6.10 CELL CYCLE RELATED TECHNIQUES
Investigation of the potential cell cycle-related effects of HIRA deficiency required
techniques to generate cells at a specific point in the cell cycle and measurement
systems to establish whether these objectives had been achieved.

6.10.1 RELEASE FROM G0 AS A TECHNIQUE FOR GENERATING
CELLS SYNCHRONISED IN TERMS OF THEIR POSITION
THROUGH THE CELL CYCLE
NIH-3T3 cells were grown until 50% confluent in a 25 cm2 flask at which point they
were washed three times in PBS to remove all traces of serum. Serum free medium
was then added and the cells left for 3 days. The cells ceased dividing and exited the
cell cycle. This state is known as G0 and all cells in this state have been shown to have
the same amount of DNA as G1 cells (Pardee, 1974). Subsequently, medium
containing normal levels of serum was added to the cells leading to a release of cell
cycle block. At various time intervals thereafter up to 24 hours, the cells were
subjected to Trizol extraction of RNA with the expectation that the cells at each time
interval would represent a cohort of approximately synchronised cells at different
positions in the cell cycle

6.10.2 ELUTRIATION AS AN ALTERNATIVE TO RELEASE FROM G0
It has been argued that there is little evidence to support the hypothesis that cells exit
G0 and re-enter the cycle at the same synchronised point in G1. Instead, it has been
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suggested that cells may re-enter G1 at the point at which they exited (Cooper, 2003)
which would imply a much lower level of synchronisation than some have assumed.

An alternative method of producing samples of cells at different points of the cell
cycle (which avoids the doubts surrounding G0 synchronisation) is known as
elutriation. In this, a large number (2-4x108) of NIH-3T3 cells were harvested from
exponential growth conditions as a single cell suspension. This suspension contained
cells at all stages of the cell cycle where the size of an individual cell was directly
related to its point in the cell cycle. The larger cells had a smaller cross sectional area:
mass ratio and, in consequence, sedimented more quickly under the influence of a
centrifugal force. If the sedimentation in one direction was balanced by a fluid flow in
the opposite direction (i.e. towards the axis of rotation), the cells became sorted by
size along the centrifugal force/fluid flow axis with the smaller cells gathered at the
end closest to the axis of rotation where they were collected. Progressive increases in
fluid flow rate enabled different size fractions to be collected with each size fraction
containing cells from a different point in the cell cycle. Collected cells were stored at
4ºC.

The equipment used for this was the JE-5.0 elutriation system fitted with the standard
chamber mounted in an Avanti J-26XP centrifuge run at a temperature of 4ºC with the
cells suspended in elutriation buffer (PBS + 1% FCS + 0.01% EDTA). The
manufacturer’s recommended protocol was followed with a rotor speed of 1650 rpm
and a fluid flow rate for loading of the cells of 7 mls/min.
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6.10.3 COMPARING
STAINING

DNA

CONTENT

BY

PROPIDIUM

IODIDE

Elutriation was intended to generate cohorts of cells of very similar size which were
also assumed to be at a very similar point in the cell cycle. Since DNA content varies
over the cell cycle, one way to test whether elutriation had successfully achieved its
purpose was to examine different cell fractions for their DNA content. Since
propidium iodide was both an intercalating agent and a fluorescent molecule, it was
possible to use the fluorescence of propidium iodide stained nuclei in cells as a
measure of DNA content.

Accordingly, 5x105 unsorted cells from 6.10.2 as well as the same number of cells of
each fraction were suspended in 1 ml of PBS-2% FBS at 4ºC. The cells were
centrifuged at 650 rcf at 4ºC for 5 minutes. All but 50 µl of supernatant was removed
by aspiration with the residual supernatant being used to resuspend the pellet. 500 µl
of 70% ethanol was added and the cells were incubated on ice for 10 minutes. The
cells were then washed 3 times in PBS-2%FCS with centrifugation at 850 rcf for 6
minutes at 4ºC, aspiration of supernatant (as above) and resuspension after each wash.

Cells were resuspended in 500 µl of propidium iodide stain containing 0.005%
propidium iodide, 0.02% RNAse (DNAse free) and 0.05% NP40 in the dark at room
temperature for 10 minutes and at 4ºC for a further 20 minutes.

The unsorted cells were used both to establish appropriate gates to exclude cell
“doublets” and to calibrate the cytometer settings so as to enable the full range of
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variation in DNA content of all the cell fractions to be captured with the same
cytometer settings for each fraction.

Subsequently, the DNA content profile for each elutriated cell fraction was analysed
by measurement of nuclear propidium iodide fluorescence.
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6.11 GENERATION OF HIRA DEFICIENCY IN MAMMALIAN
CELLS
It had originally been intended to generate HIRA deficiency in mammalian cells by
using a highly inbred mouse strain bearing a floxed conditional knockout allele for
Hira. By crossing a mouse from this strain with a mouse from another highly inbred
mouse strain bearing a transgene for Cre expression under the control of a tissuespecific promoter, it was intended to produce mice that were viable and where the
only phenotype related to the specific tissue in which Hira knockout had occurred.
Comparison of F1 littermates would then enable this Hira-attributable phenotype to
be fully investigated in order to elucidate the causative mechanisms.

However, as described in 6.8.3, repeated failures to generate a mouse bearing a
conditional knockout strain have required other, less satisfactory models to be used in
order to study the effects of HIRA deficiency.

The methods used are described in more detail in 6.8.4 (tissue specific Hira knockout
mice), 6.8.2 (heterozygous Hira knockout mice), 6.7 (Hira homozygous knockout ES
cells), 6.7.3, 6.7.8 and 6.8.5 (adoptive transfer of retrovirally transduced bone marrow
stem cells), 6.7.3 and 6.7.5 (Hira knockdown in vitro by retroviral transduction) and
6.7.11 (Hira knockdown by siRNA nucleofection).
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6.12 FLUORESCENCE RECOVERY AFTER PHOTOBLEACHING
Embryonic stem cells expressing H3.3-GFP were cultured on 10 cm. tissue culture
plates. 24 hours before the experiment, the cells were split 1:10 without additional
feeders onto a 60 µm glass bottomed gelatinised plate. Images of these cells were
acquired at the GFP fluorescence emission of 500-560 nm after excitation at 488 nm
with an argon krypton laser using a Leica TCS SP5 confocal microscope equipped
with a Leica PL APO 100x/1.4 oil immersion lens.
A prebleach image was acquired by averaging 3 consecutive images at low (12-15%)
power to reduce bleaching of GFP to a minimum. A Region of Interest (ROI) was
then bleached with three laser pulses in rapid succession at full power. Subsequent
images were collected at 5 second intervals for 60 seconds using low power. FRAP
plots were then generated using the Leica LAF AS Lite software. The fluorescent
signal in the ROI was normalised to the total cellular fluorescence. The normalised
fluorescence levels in the first post-bleach image would drop sharply compared to the
pre-bleach image and then recover to a plateau some way below the initial pre-bleach
level. The “plateau” level was calculated as a percentage of the pre-bleach level for
each cell. These percentages were plotted for each cell type and displayed an
approximately normal distribution. The cell types were then compared using a two
sample t-test and assuming unequal variances for the independent variable between
the two samples.
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APPENDIX 1 GENERATION OF A CONDITIONAL
KNOCKOUT MOUSE
BACKGROUND
The author’s M.Sc. project at the Institute of Child Health (ICH) had contributed to
the development of a targeting vector to generate a Hira CKO mouse. The plasmid
using as a starting point for development of this construct was pPNT4 (Conrad et al.,
2003) whose structure is shown in Figure 57.

Figure 57 Schematic of pPNT4 plasmid
The map above – taken from (Conrad et al., 2003) – shows two multiple cloning sites, a neomycin
phosphotransferase gene (Neo) for positive selection purposes flanked by frt sites, a thymidine kinase
gene (TK) for negative selection purposes and a single loxP site

The development of a targeting vector required the addition of two contiguous
sequences of genomic DNA from the Hira gene and a loxP site as illustrated in Figure
58. The genomic DNA was taken from a 129sv mouse with the 5' arm of homology
being Chr 16 nt18909677-18913704 which included exons 6 and 7 and the 3' arm of
homology being Chr 16 nt18913705-18915234.
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Figure 58 Illustration of construction of targeting vector from genomic DNA
The 5' arm of homology of the Hira gene was cloned from genomic DNA from a 129sv mouse and
included exons 6-7. A loxP site in the appropriate configuration was inserted on the 5' side of exon 6.
This would mean that once the targeting vector was integrated into genomic DNA, exposure to Cre
recombinase would result in deletion of both exons 6 and 7 which was known would cause a frameshift
in the remainder of the mRNA transcribed from this gene. The modified 5' arm of homology was
inserted into MCS1 of the vector. The 3' arm of homology was cloned from the same genomic DNA
and was inserted into MCS2. Note that the neomycin resistance gene is flanked by frt sites enabling its
excision by Flp recombinase.
The following abbreviations/symbols are used:
Neo
Neomycin phosphotransferase
TK
Thymidine kinase
Black rectangles Exons
Half circles
Frt sites
Triangles
LoxP sites
Taken from (Conrad et al., 2003).

DEVELOPMENT AND VALIDATION OF ES CELL CLONES
Collaboration with ICH agreed at the outset of this thesis specified that resources
would be shared in a parallel effort to develop a Hira CKO mouse and the institution
that was successful first would share mice with the other. ES clones were developed
at both institutions by electroporation of ES cells with the linearised targeting vector
and positive and negative selection in the usual way. Positive clones were identified
by initial PCR screening and then by Southern blot using the PCR primers and probes
described in Materials and Methods. An example is shown in Figure 59.
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Figure 59 Southern blot image showing two positive clones and one negative clone
Three clones believed to be positive based on PCR were subjected to Southern blotting. The result
above shows the results obtained from the 3' probe that in clones 1 and 2 had indeed integrated
correctly (both wild type and recombinant bands) but clone 3 had not (wild type band only).

THE USE OF POSITIVE ES CELL CLONES TO ACHIEVE
GERMLINE TRANSMISSION OF HIRA CKO MUTATION
Clones confirmed as positive were subjected to metaphase spreads to confirm
euploidy of the ES cells. Blastocyst injection of ES cells was then undertaken at both
Imperial College and at ICH. In Imperial College, the work was undertaken by the
Transgenics and Embryonic Stem Cell Laboratory, MRC. Six of the resulting pups at
Imperial College were judged to be sufficiently chimeric to justify breeding including
one 97% chimeric male. Subsequent breeding of multiple litters from each mouse
resulted in 171 pups in none of which had the CKO mutation entered the germline.
ICH reported similar negative results.

At an early stage in the above work, it had been suggested to the Wellcome Trust
Sanger Institute (WTSI) Mouse Genetics Programme that they too should develop ES
cell clones for Hira CKO. Subsequently, they announced that they had positive ES
cell clones. Three of these were obtained but no pups were obtained from blastocyst
injections.
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The WTSI Mouse Genetics Programme team too were endeavouring to generate
germline-transmitting mice. They also had problems with failed blastocyst injections
and subsequently with chimeras which did not achieve germline transmission. On 31
March 2010, 33 months after agreeing the development of a Hira CKO mouse, the
WTSI Mouse Genetics Programme delivered breeding mice to Imperial College.
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APPENDIX 2 UNUSUAL PATTERN OF CD8
EXPRESSION IN CD1 MICE
BACKGROUND
Hira KO mice were received on a CD1 background. Early crosses between these mice
and mice on a CBA background generated pups whose peripheral blood was analysed
by FACS. This showed an unusual pattern of the T cell surface marker, CD8. It was
subsequently confirmed that this pattern was also present in the peripheral blood of
the CD1 parents but not of the CBA parents. A brief sub-project examined the reasons
for this and this is reported in this Appendix. This phenomenon does not appear to
have been reported previously.
The cell surface marker CD8 consists of two peptides, CD8α and CD8β. In mice, the
CD8 molecule is usually a heterodimer and more rarely a homodimer of CD8α. In
mice, homodimers of CD8β do not exist although such homodimers do exist in
humans (Pang et al., 2007). CD8 molecules are expressed on the surfaces of T cells
only and not on B lymphocytes. As a result of this expression pattern, FACS analysis
of mouse peripheral blood relies on an antibody to CD8α as a definitive method of
identifying T cells and normally displays a clear bimodal peak as shown in Figure 60.

Figure 60 Histogram plot showing bimodal CD8α fluorescence in lymphocytes from peripheral
blood
If peripheral blood is stained with fluorescent anti-CD8α antibodies and subjected to FACS analysis, a
histogram plot with gating on lymphocytes shows an expressing population of CD8 cells and a negative
population of CD4 and B cells
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RESULTS

CD8

The peripheral blood involved was from a mouse which showed variegating
expression of hCD2 on T cells. The preliminary FACS analysis is shown in Figure 61.

CD4
FSC

Figure 61 FACS plot from peripheral blood showing CD4 and CD8 expression in lymphocytes
The above plot shows gating on lymphocytes and the subsequent scatter plot of CD4 and CD8
fluorescence. While CD4 fluorescence shows the normal bimodal non-expressing/expressing pattern,
the CD8 fluorescence is quite unusual with a large population of weakly CD8-expressing cells shown
ringed and arrowed.

CD8

The gated cells shown in Figure 61 were reanalysed using a CD8 expression
versus hCD2 expression plot. This is shown in Figure 62 and clearly indicates that
the intermediate CD8-expressing population is predominantly not hCD2
expressing. This makes it unlikely that these cells are T cells.

hCD2

Figure 62 FACS plot of lymphocytes from CBA/CD1 mice suggests that lymphocytes which show
intermediate levels of CD8 may not be T cells
Cells expressing an intermediate level of CD8 do not express hCD2 (as at least some of them would be
expected to do if they were T cells). This contrasts with the fact that some CD8 non-expressing
(presumably CD4+) and some CD8 fully expressing cells do express hCD2.

236

CD8

The characteristics of the cells by forward scatter/side scatter raised the possibility
that this population of cells might be B lymphocytes (which would not normally be
expected to express CD8). Accordingly, anti-B220 fluorescent antibody (expressed by
B lymphocytes) was obtained. Anti-CD8α and anti-CD8β antibodies were also
obtained.
Further FACS analysis demonstrated that the intermediate CD8 expressing population
is almost entirely B220 expressing as shown in Figure 63. This strongly suggests that
these cells are B lymphocytes.

B220

Figure 63 FACS plot of lymphocytes from CBA/CD1 mice strongly suggests that the cell
population expressing CD8 at an intermediate level consists of B cells.
The plot demonstrates that those cells which are expressing CD8 at an intermediate level also express
B220 and that most cells expressing B220 are expressing CD8 at an intermediate level.
Since B cells express B220 and T cells do not, this supports the proposition that this population of cells
consists of B cells
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CD8β

CD8α

The precise pattern of CD8 expression was investigated further and revealed that
most CD8 expression in these cells is CD8α and not CD8β as shown in Figure 64.

B220

B220

Figure 64 The B220+ cells are weakly expressing CD8α but not CD8β.
These FACS plots show weak expression of CD8α by B220+ cells (left hand chart) but no evidence of
CD8β expression by those same cells

CONCLUSION
The results suggest that there is some mutation in these mice which leads to leaky
regulation of CD8α but not CD8β in B lymphocytes which is expressed on the cell
surface.
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APPENDIX 3 ADOPTIVE TRANSFER OF T CELLS
It was hypothesised that the derepression of T cells derived from adoptive transfer of
bone marrow stem cells (BMSCs) might be a direct consequence on the mature T
cells of the transfer of hosts. In order to test this, T cells were dissected from the
mesenteric lymph nodes of two male heterozygous1.3B (pericentromeric transgene)
CBA mice, depleted of hCD2-expressing cells and then transferred by tail vein
injection to a sub-lethally irradiated (600 rads) Thy1a.CBA mouse. After 9 weeks,
peripheral blood was taken from the host mouse and the hCD2 variegation profile
compared with peripheral blood from a 1.3B heterozygous male. As can be seen from
Figure 65, there has been little derepression of the hCD2 transgene

Figure 65 T cells from a mouse to which they have been adoptively transferred show little
derepression
The FACS plot shows CD4 cells from peripheral blood of the host mouse for the adoptive transfer
compared to CD4 cells from peripheral blood of a normal 1.3B (pericentromeric transgene) male. The
T cells from the host show slight derepression (a small population of weakly expressing cells) but have
shown significant stability of transgene variegation and are significantly less hCD2-expressing than the
control mouse.

Accordingly, the hypothesis that the full transgene derepression of the T cells from
adoptive transfers of BMSCs is a consequence of a response of mature T cells to a
change of host can be rejected.
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