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Abstract

A high percentage of chondroblastomas, giant cell tumour of bone, and paediatric gliomas
(namely diffuse intrinsic pontine gliomas (DIPGs) and supratentorial glioblastoma multiforme
(GBM) have been found to express mutations in histone variant H3.3. Mutations in the H3F3A
or H3F3B genes (the two genes encoding the histone H3.3 protein in humans) have been
shown to result in amino acid substitutions at critical positions within the histone tail of Lysines
27, 36 or 9 to Methionine, or Glycine 34 to Arginine or Valine!=3. The Lysine-to-Methionine
substitutions were shown to cause a global eradication of the di- and tri-methylation of the
respective H3K residues, and a simultaneous increase in the acetylation marks. Lewis et al
demonstrate that this eradication in methylation of Lysine residues within the H3 tail after
substitution to Methionine (and also Isoleucine) was caused by the mutant H3.3 peptide
causing a conformational change within the PRC2 complex via interaction with the EZH2 active
site, preventing the complex from disengaging with the peptide and moving to its downstream
targets of methylation, resulting in a global loss of methylation of H3K residues?.

This prevalence of these specific H3.3 Lysine residue substitutions in the cancer types
previously mentioned has led to a large number of studies dissecting the mechanisms causing
these mutations and the subsequent tumorigenesis.

Due to the similarities between pluripotent cells and cancer cells, including their potential for
self-renewal and high proliferation rates, we hypothesised that these H3.3 mutants may have
some form of effect on pluripotency and also reprogramming of somatic cells to iPSCs.

In order to investigate this hypothesis, MESCs expressing the histone H3.3 transgenes
H3.3K36 to I/M and H3.3K9 to I/M were used to perform a self-renewal assay to observe the
effects of these mutations in differing cell culture conditions, such as the presence or absence
of LIF, on these mESCs grown at a clonal density. Alkaline phosphatase staining was used to
quantify the number of pluripotent cells remaining after 6 days of culture. Embryoid body
assays were then performed in order to analyse the effect of these mutations on the
differentiation potential of the mESCs at a genetic level, via RT-gPCR.

It was found through AP staining that the mutations are not holding these cells in a pluripotent
state, and may in fact be directing cells towards differentiation, or even apoptosis (in the case
of H3.3K9M). Embryoid bodies expressing these histone H3.3 transgenes showed a
phenotype of smaller EBs, which could also suggest the exit from pluripotency into
differentiation.
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1 Introduction

The term ‘epigenetics’ was first coined by Conrad Waddington in 1942, later defined as
differences in phenotype without differences in genotype, as an explanation for certain
developmental processes for which there was little understanding of the mechanisms*=.
Epigenetic mechanisms are now much better characterised and understood as the alteration
of gene expression patterns by the adaptation of chromatin, without the alteration of the
underlying DNA sequence®. The importance of epigenetic control lies in its ability to widely
change gene expression programmes and the direction of cell-type identitites®.

A cell’s vast amount of genetic information is stored within DNA molecules, which can reach
lengths of up to 2 meters (total extended length of human DNA)’. In order to fit this large
amount of material into the cell’'s nucleus, which has a diameter of 5 to 10 um’, the DNA
molecules are compacted up to 2x10° times smaller in length with the aid of proteins known
as histones to form chromatin®. Chromatin is the compacted form of DNA comprising a
complex of proteins (histones) and DNA that forms chromosomes in the nuclei of eukaryotic
cells®,

Histones are highly conserved proteins in eukaryotes which form multi-unit complexes
around which DNA wraps to form nucleosomes. Nucleosomes are the fundamental units
which allow for the compacting and organisation of DNA into chromatin, whilst also
facilitating critical cellular processes such as gene transcription, DNA replication and
damage-induced DNA repair®. The core nucleosome particle consists of a hetero-octamer
of histones comprising two copies of each of the core histones H2A, H2B, H3 and H4, with
approximately 146 base pairs (bp) of DNA are wrapped around the octamer 919,
Nucleosomes are separated by DNA of variable length known as linker DNA, to which the
histone H1 binds, allowing further compaction of chromatin'*2, Various in vitro and in vivo
investigations revealed that the core nucleosome particle are assembled in two steps. A
tetramer of both old and new histones H3 and H4 (H3-H4); is deposited onto the DNA first.
This allows the organisation of the central 120 base pairs of DNA. Two H2A-H2B dimers
subsequently associate with the H3-H4 tetramer, completing the structure of the nucleosome
core particle, and allowing the organisation of the 146 base pairs of DNA to complete the
nucleosome?s.

The core histones are characterised by two components; a C-terminal globular domain,
around which the DNA wraps, and an N-terminal tail***®. The N-terminal tail of histones vary
in length and extend outside of the nucleosome core®'®. Near the C-terminus of every core
histone is a structurally conserved motif known as the histone fold domain (HFD) which
consists of three 11-residue long a-helices®® (a1, a2, and a3), connected by two unstructured
‘short-strap’ loops (L1 and L2). These loops allow heterodimeric interactions, known as the
handshake motif, to occur between core histones®®17. A-helices are secondary structures

of proteins which are formed by the arrangement of peptides into a right-handed helical
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conformation!®. These helices assemble into heterodimers through the interleaving of the
helices and subsequent juxtaposition of the loops into parallel B-bridges®2°.

The HFDs assemble together in antiparallel pairs: H3 with H4, and H2A with H2B?°, forming
the dimers which then allow the subsequent assembly of the octameric nucleosome core.
The HFD has also been observed in archaeal histones and in some eukaryotic transcription
factors!®. Since all three of the major archaeal branches have been found to express
histones, it can therefore be concluded that histones were present in the common ancestor
of eukaryotes and archaea?%2.

Regulation of chromatin involves dynamic mechanisms which underlie the vast majority (if
not all) of biological processes, including DNA methylation, chromatin remodelling by ATP-
dependent complexes, such as the SWI/SNF related enzymes?®, histone variants, and
covalent histone modifications?.

The N-terminal tails of the core histones are subject to extensive post-translational
modifications (PTMs), which play a fundamental role in the epigenetic regulation of gene
expression through transcriptional activation, silencing, assembly of chromatin and DNA
replication®. These PTMs act as switches for gene expression regulation by affecting the
binding of proteins to the histone tails, therefore regulating the type of protein complexes
that associate with certain regions of chromatin?®. PTMs are chemical modifications of the
histones that do not cause any changes to the DNA sequence. Histone PTMs are being
widely studied; at least eight different classes of covalent modifications of histones, involving
upwards of sixty distinct sites of modification within the core histones have been
characterised so far; acetylation of lysine, methylation of lysine and arginine,
phosphorylation of serine and threonine, ubiquitylation of lysine, poly-ADP ribosylation of
arginine, sumoylation of lysine, deimination of arginine, and isomerisation of proline’*?* (see
Table 1).



Chromatin Modifications Residues Modified Functions

Acetylation K-ac Transcription, Repair,
Replication, Condensation

Methylation: Lysine K-mel/ me2/ me3 Transcription, Repair
Arginine R-mel/ me2a/ me2s

Phosphorylation: Serine S-ph Transcription, Repair,
Threonine | T-ph Condensation

Ubiquitylation K-ub Transcription, Repair

Poly-ADP ribosylation E-ar Transcription

Sumoylation K-su Transcription

Deimination (citrullination) R > Citrulline Transcription

Proline isomerisation P-cis > P-trans Transcription

Table 1. The eight classes of post-translational modifications identified on histones. The residues
modified and the associated functions of the modifications are outlined?s.

The histone code hypothesis proposes that the complex pattern of PTMs, resulting in several
layers of regulation in the process of interpretation and transcription of the genome, renders
distinct biological consequences?427, This hypothesis generally states that there are two,
non-mutually exclusive mechanisms through which post-translational mechanisms can act.
Cis mechanisms regulate access to the DNA by transcription factors, for example, by
structurally changing the chromatin fibre through inter-nucleosomal contacts. Trans
mechanisms initiate distinct biological processes by acting as docking sites for effector
molecules, such as WDR5 or heterochromatin protein 1 (HP1)'; specific proteins
associating with certain modifications on histone tails. These proteins have the ability to act
as activators or inhibitors of transcription, or to act in the maintenance of chromatin
structures®.

It is highly likely that multiple chromatin states are regulated and maintained in a tissue-
specific manner, allowing the transcription machinery access to the DNA at specific time
points at precise locations®2¢-31, The major histone encoding genes which produce the bulk
of the cellular histones, hereby referred to as canonical histones, are primarily expressed
during the S phase (synthesis phase) of the cell cycle®*3!. These histones are used for the
packing of newly synthesised DNA via nucleosome assembly®. Histone variants, hereby
referred to as non-canonical histones, which differ from their canonical paralogues in primary
amino acid sequence are not limited in their expression to the S phase?. These non-
canonical histones have been found to be expressed throughout the cell cycle, and have
roles in various processes (described in more detail further into this chapter)?23435,

With the exception of H4, multiple histone variants exist which have specialised functions in
DNA packaging, further contributing another level of epigenetic complexity and regulation.

These histone variants differ at the level of their primary sequence ranging from a few amino
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acid changes to large domains®. These differences in primary sequence confer changes
upon the physical properties of nucleosomes and nucleosome dynamics.

Histone H3.1 and H3.2 differ by only a single amino acid (Ser96 in H3.2), and H3.3 is
distinguished by four additional amino acid substitutions (Ser31, Ala87, 11e89, Gly90)*’.
Genes encoding canonical histones are organised in tandem multi-copy repeat clusters®.
The transcription of these canonical histone-encoding genes is tightly coupled to DNA
replication. Conversely, non-canonical histone variant-encoding genes are typically found
singly in the genome and are constitutively expressed® and are therefore also known as
‘replacement’ histones®®.

These non-canonical histone variants are involved in a wider range of processes than their
canonical counterparts. For example, histone variants were shown to be critical for DNA
repair, meiotic recombination, chromosome segregation, sex chromosome condensation,
sperm chromatin packaging, and initiation and termination of transcription?2.

As a result of the combination of PTMs and histone variants, a wide diversity of nucleosomes
can be created in vivo. This variation is important in determining the chromatin fibre
properties at a local and regional level with respect to replication, transcription®8,
heterochromatin or euchromatin formation, repair, or kinetochore formation (for review see
‘Epigenetic and replacement roles of histone variant H3.3 in reproduction and
development’®). There are two varieties of chromatin that reflect the activity level of a cell;
euchromatin and heterochromatin. Euchromatin is the lightly packed, most active form of
chromatin, and is predominantly actively transcribed. Heterochromatin is a highly condensed
and tightly packed form of DNA that comes in two forms; constitutive and facultative
heterochromatin. Constitutive heterochromatin, found at the pericentromeric regions and at
telomeres, is generally the most static form of chromatin, and does not contain many genes.
Facultative heterochromatin forms at various regions within the chromosome, and often
contains genes which are generally silenced upon developmental cues. It is thought that the
tight packing of the DNA in heterochromatin renders the DNA inaccessible to polymerases,
therefore preventing transcription (for review see 639),

As previously mentioned, canonical histone encoding genes are usually found clustered in
repeated arrays, do not contain introns, and replicative histone mRNAs are not
polyadenylated®. In place of polyadenylation, the binding of Stem Loop Binding Protein
(SLBP) and U7 snRNP to the 3’ end of the histone RNAs tightly regulates the translation of
these canonical histones®4%4!, This unusual genomic organisation and transcriptional
regulation mechanism allows the translations of high numbers of canonical histones at the
beginning of the S phase, prior to DNA replication. This ensures a massive supply for histone
incorporation events during replication in a manner coupled to DNA synthesis, whilst also

synthesising stoichiometric quantities of each protein342,



Canonical histone H3 (referring to H3.1 and H3.2 in higher eukaryotes) can be incorporated
into chromatin outside of S phase, but is still coupled to DNA synthesis during DNA repair
after damage by ultraviolet irradiation, which involves deposition of the H3.1 by histone
chaperone CAF-1 (chromatin assembly factor-1)134344 The histone H3.3 variant is deposited
via replication-independent nucleosome assembly by the histone chaperones histone
regulator A (HIRA), and death-associated protein 6 (DAXX)34®,

Different H3 variants have been identified in mammals, including two canonical variants,
H3.2 and mammalian-specific H3.1, and three replacement variants, H3.3, the centromere-
specific variant CenH3 (CENP-A in mammals)®4547 and the testis-specific histone H3t*8. Two
primate-specific H3 variants, H3.X and H3.Y, have also been characterised®*°.

Histone H3.3 is one of the most conserved proteins in eukaryotes. It is encoded by two genes
H3f3a and H3f3b in mice, and H3F3A and H3F3B in humans, which produce the exact same
H3.3 protein despite containing distinct untranslated regions (UTRs)**%2, This is an
interesting result of histone H3.3 being unique amongst the histone proteins, being the only
variant whose genes contain introns and whose mRNA is polyadenylated. This presence of
introns and the polyadenylation of the mMRNA allows another level of control over the
expression of the H3.3 variant. For example, the transcripts produced after transcription of
the genes have varying polyadenylation sites, resulting in differing lengths of transcripts.
These different polyadenylation sites do not seem to be random, and have been found to
display some tissue specificity®3.

The H3 variants also differ from their canonical counterparts in that they are constitutively
expressed, enabling histone deposition and exchange which is independent of DNA
synthesis and the cell cycle. This constitutive expression provides a continuous source of
the H3 variant in all instances, converse to the availability of the canonical H3 being limited
to the S phase®. Both genes (H3F3A and H3F3B) are expressed during quiescence and are
enriched in various stages of differentiation®5°2°4%5_ For instance, it has been demonstrated
in Drosophila melanogaster that there is a genome wide incorporation of the H3.3 variant
within the male pro-nucleus at the point of fertilisation, before the first round of DNA
replication'®°¢7, The levels of histone H3.3 reach up to 90% of the total H3 content in mature
cortical neurons as a result of this cell cycle-independent expression®-°,

Canonical histone H3 is slowly replaced by histone H3.3 as differentiating cells exit the cell
cycle®®. Various means have been suggested for the deposition of H3.3 independently of
transcription, since as well as being highly enriched within genes undergoing active
transcription®-%3, H3.3 is also found to be involved in sperm reprogramming®¢%45 and also
accumulates at telomeric and pericentric heterochromatin®445:66.67,

This specific histone variant deposition is most likely to be directed by histone chaperones,
such as the HIRA chaperone complex, as this chaperone complex promotes histone

deposition independently of DNA synthesis®’. This complex which is comprised of HIRA,



UBN1 (Ubinuclein-1), and CABIN1 (Calcineurin Binding Protein 1) has been implicated in
this deposition of H3.3 variants due to having been found with H3.3 in soluble complexes®#4,
HIRA has been found to hold a critical role in the accumulation of H3.3 at active genes,
promoters and certain regulatory elements, unrelated to other chaperones (outlined
below)(reviewed by Ray-Gallet et al. 201144).

Other potential pathways which contribute to the distinct localised enrichment of H3.3 are
other H3.3 chaperones; DEK (Drosophila Eph kinase)®, and a complex formed by the alpha-
thalassemia/ mental retardation X-linked syndrome protein (ATRX) and DAXX?#:67.69.70 The
DAXX/ATRX complex have been implicated in enrichment of H3.3 at telomeres®.

Histone 3 is widely modified by methylation at lysine and arginine residues, and acetylation
at arginine residues. Histone acetylation is the enzymatic transfer of acetyl groups (COCH5)
from acetyl coenzyme A (AcetylCoA) to residues on the N-terminal tail of a histone by histone
acetyltransferases (HAT). Acetylation causes the overall charge of the histone tail to change
from positive to neutral, subsequently weakening DNA-histone contacts due to the reduced
affinity for the now neutral histone tails to the negative DNA. This results in greater access
of transcription factors to promotors in the chromatin’="3, It has also been suggested that
histone acetylation may prevent nucleosomal arrays from folding into more complex
structures which would have had inhibitory functions towards transcription’*75.

Histone methylation is the transfer of methyl groups (CHs) from S-adenosyl-L-methionine to
lysine, or arginine residues in the histone’s N-terminal tail by a histone methyltransferases
(HMT). Lysines can be mono-, di-, or tri-methylated on their € amine group’®-"°, and arginines
can be mono-, symmetrically dimethylated or asymmetrically dimethylated on their guanidyl
(NHs*) group’®8%81 The methylation of lysine residues in the histone tail can be associated
with either activation or repression, depending on the site of methylation®?, as shown in the
overview of the possible maodifications of histone H3 in Figure 1. Methylation of histone H3
lysine 9 (H3K9) is generally found in correlation with the repression of transcription®, and
serves as a binding site for HP12?°. In contrast, methylation of histone H3 lysine 36 (H3K36)
has been associated with transcriptional activation4,

The histone variant H3.3 is found in transcriptionally active or “poised” domains which are
commonly enriched for H3 lysine 4 trimethylation (H3K4me3) or possessing both lysine 27
trimethylation (H3.3K27me3) and H3K4me3®. It has been shown that only the methylation
of lysine 9 is present prior to the incorporation of the histone variant into chromatin, all other
residues are methylated post-incorporation into chromatin®,

The histone modifying enzymes Set2 (Sc/Sp SET2), NSD1, and SYMD?2 are involved in the
methylation of lysine 36 of histone H3®%. Several histone-modifying enzymes are capable of
methylating H3K?9, including SUV39H1, SUV39H2, G9a'®>%
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Figure 1. Overview of the various possible histone H3 modifications, and their associated functions:
A) Contribution to fine tuning expression levels at promoters. B) Discrimination between active and
inactive conformations at gene bodies. More histone 3 lysine 36 trimethylation (H3.3K36me3) and
H3K79me2-modified histones are found in exons in active genes than introns, due to the higher
nucleosome occupancy on active exons. C) Histone marks correlate with levels of enhancer activity
at distal sites. D) Possible conferral of repression of varying stability and association with different
genomic features on a global scale.88

1.1 Histones and Disease

Due to the complexity and multiple levels of control involved in the regulation of histone
deposition, replacement and modification, there are many ways in which the regulation or
the regulators of any of these processes may go wrong. Many diseases have been found to
be caused as a result of mutations affecting the regulation of these processes. For example,
a-thalassemia mental retardation X-linked (ATRX) syndrome has been found to be caused
by a downregulation of a-globin gene expression as a result of mutations which may cause
subtle changes in the localisation of histone H3.3 upon loss of ATRX®. 43% of pancreatic
neuroendocrine tumours (PanNETs) have been found to express a mutation in either the
ATRX or DAXX histone chaperones®.

The most common type of disease linked to histone variants and their associated factors is
cancer. Colorectal cancer has been found to be linked to the upregulation and mis-targeting
of CENPA (centromere protein A), a histone H3-like nucleosomal protein found in
nucleosomes located in the centromere, which may play a role in aneuploidy®°2. Breast
cancers have also been linked to histone variants and their factors; the upregulation of
Holliday Junction Recognition Protein (HJRP), a protein involved in the incorporation and
maintenance of CENPA at centromeres, has been linked to a poor prognostic outcome®:.
Also the overexpression of the histone variant H2A.Z was found to facilitate the activation of
genes responsive to oestrogen, and has been associated with metastasis®. Conversely,
reduced expression of histone variant H2A.Z found in colon cancer was found to be

associated with genomic instability®>6,
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The histone variant pertinent to this investigation is the H3.3, which has been found to be
linked to various cancers.

Mutations in the histone variant H3.3 have been found in a high percentage of
chondroblastomas, giant cell tumour of bone, and paediatric gliomas (diffuse intrinsic pontine
gliomas (DIPGs) and supratentorial glioblastoma multiforme (GBM))!-3. More specifically,
Schwartzentruber et al.®> observed that 31% of GBM tumours contained mutations in the
H3F3A gene, which resulted in amino acid substitutions at critical positions within the histone
tail of Lysine 27 to Methionine (K27M), or Glycine 34 to Arginine or Valine (G34R/V).
Behjati et al.! observed that in 95% of the chondroblastoma cases studied, there was a
mutation in the H3F3B gene resulting in a substitution of lysine 36 to methionine (K36M) in
the histone tail, and that 92% of giant cell tumours of bone displayed histone H3.3 variants,
exclusive to H3F3A, which were G34W (and G34L in one case).

Lewis et al.? discovered that 60% of glioma patients studied exhibited one of two mutations
in either H3F3A, or HIST1H3B, one of the several H3.1 encoding genes. This mutation
resulted in a substitution of K27M in 80% of diffuse intrinsic pontine gliomas (DIPGs) and
22% of non-brain stem gliomas studied®’. It was found that this K27M substitution resulted
in both the global decrease of di- and tri-methylation of H3.3K27 residues, and a moderate
increase in acetylation of H3.3K27. These global changes in histone post-translational
modifications were specific to H3.3K27, since two histone modifications related to
transcription (H3K4me3 and H3.3K36me3) were similar in DIPG samples in all genotypes.
Together, these results suggest that the mechanism behind the formation of tumours in the
case of the K27M mutation is different to the mechanism behind those caused by
H3.3G34R/V (two common mutations found in other cancers), since the H3.3G34R/V
mutations had no impact on the methylation or acetylation levels of any of the H3 Lysine
residues. Lewis et al found that the mutant K27M peptides inhibit the Polycomb Repressive
Complex 2 (PRC2) via interaction with the Enhancer of Zeste Homolog 2 (EZH2) active site?.
The mechanism behind this inhibition involves the PRC2 complex being unable to detach
from the K27M peptide, because EZH2 cannot hydrolyse S-Adenosyl Methionine (SAM) in
order to methylate the residue. Upon binding both SAM and K27M, allosteric changes within
the complex strengthen the association of PRC2 with K27M, preventing the complex from
being ejected, since SAM is not converted to S-Adenosyl homocysteine (SAH).

Lewis et al also expressed every amino acid substitution for H3.3K27, and discovered
through immunoblotting that only the K271 and K27M substitutions had the same effect of
globally reducing tri-methylation of H3.3K27.

Subsequently, the group investigated whether highly conserved active sites of other SET-
domain proteins are sensitive to methionine substitution, by creating H3.3 transgenes
containing methionine at K4, K9, and K36. Interestingly, H3.3 transgenes containing K9M

and K36M were also found to decrease di- and tri- methylation of K9 and K36 respectively.
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Mutations in SETD2, a histone H3 lysine tri-methyltransferase, resulting in a decrease in the
amount of H3K36me3, has also been implicated in metastatic renal cell carcinoma high
resolution profiling of histone h3 lysine 36 in metastatic renal cell carcinoma

1.2 Pluripotency and Cancer

Because of the similarities between stem cells and cancer cells, for example their unlimited
proliferative capacity, self-renewal ability, a block in differentiation, telomerase activity, and
telomere lengths there may be a link between these K-to-M/I substitutions in histone H3.3
and pluripotency.

Pluripotent stem cells show two distinct characteristics: self-renewal, the ability to maintain
proliferation without causing damage or changes to their cellular properties and
characteristics, and the capacity to produce any type of cell found in adult organisms®. There
have been a variety of important transcription factors that have been identified as being key
regulatory factors in the control of pluripotency in embryonic stem cells (ESCs). These
factors are Oct-4 (Octamer-binding transcription factor 4)%°, Sox2 (SRY-box2)%, and
Nanog°?,

Yamanaka et al showed that through the introduction of four transcription factors, this
allowed the reprogramming of somatic cells back into ES cell-like-cells known as induced
pluripotent stem cells (iPSCs). The four transcription factors they identified for use in this
process are Oct4, Sox2, Klf4 (Kruppel-like factor 4), and Myc, and are now known as the
Yamanaka factors°21%, This discovery underlines the importance and relevance to cell fate
control and the pluripotent state of transcriptional regulatory mechanisms. This has resulted
in the production of a powerful tool for the study of cell fate choice during differentiation;
lineage reprogramming%4.

It has been suggested that the similarities seen between stem cells and cancer cells might
be a result of shared regulation of gene expression patterns, potentially associated with the
‘embryonic’ state. Studies involving somatic cell reprogramming have further highlighted the
similarities between cancer cells and iPSCs®.

The polycomb-group proteins, via the generation of repressive histone marks, play an
important role in contributing to the repression of critical developmental or lineage specific
regulators. This means that their role is essential early on in development, and in ESCs.
Polycomb-mediated gene silencing lies in the regulation of chromatin structure, partially
through the post-translational modification of histones, as previously described (See earlier
in this Introduction)®. These polycomb-repressive complex (PRC) proteins have been found
to be involved in the reprogramming of somatic cells'¢:107,

Myc, a highly studied oncogene, has been found to be expressed in up to 70% of cancers in
humans. Due to this high occurrence, it has been suggested that the expression of Myc is

required for tumorigenesis!®. One of the many cellular functions in which Myc is involved is
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the control of self-renewal in ES cells (reviewed by Meyer et al %), It has also been found
that Myc’s role in the maintenance of pluripotency in ESCs is different from that of the core
factor interaction network!'%1!! or the PRC network. The histone acetyltransferase complex
proteins Tip60-p400 has been shown to interact with Myc in ES cells, to play a crucial role
in ESC identity!!213, Myc can be activated via a variety of mechanisms, such as
amplification, translocation, or enhanced translation or protein stability (for review, see
Nilsson et al'®).

Characteristics that have been found to be shared by ESCs and cancer cells have been
investigated on the level of gene expression patterns in order to identify the mechanisms
behind these shared characteristics. Inactivation of the p53 pathway, which is seen to
occur in a majority of cancers, causes an increase in the efficiency of the reprogramming
processi®?,

Oct4, Nanog and Sox2 have been shown to function as repressors of differentiation in
human ESCS (hESCs), and prevent ESCs from diverging into the wrong cell type too soon,
as well as maintaining self-renewal and pluripotency in ESCs. Each transcription factor
regulates a specific cell fate; Oct4 regulated extraembryonic and epiblast- derived cell
fates, embryonic ectoderm differentiation is repressed by Nanog, but Nanog has little effect
on other lineages. Sox2 (and Sox3) repress mesendoderm differentiation*4.

These transcription factors are found to be expressed in cancer stem cell-like-cells
(CSCLCs), and it has been shown multiple times that the overexpression of these three
genes is linked to or results tumorigenicity, tumour transformation and metastasis*®.

These three transcription factors have been found to be co-up-regulated in a large variety
of human cancers>117,

Even though it has been shown that ESCs and cancer cells display some similar
properties, cancer cells are not truly pluripotent like ESCs.

1.3 Context of this investigation

The aim of this investigation was to assess whether the histone H3.3 substitution mutations
of lysine 36 and lysine 9 to methionine or isoleucine has any kind of effect upon the
maintenance of the pluripotent state of mouse embryonic stem cells (MESCs), and whether
these mutations have an effect, whether negative or positive, on the reprogramming
efficiency of mouse embryonic fibroblasts back to the pluripotent state. The relevance of this
investigation is the fact that multiple cancers (outlined in Histones and Disease section) have
been found to express substitution mutations at critical points within the histone tail of the
variant H3.31-3, These mutations cause a global loss in the methylation of the residues which
had been substituted, which is causing the formation of tumours. It has not yet been
investigated as to whether there is a link between these mutations and the pluripotent state.
The rationale behind this investigation is that there are multiple similarities between
pluripotent stem cells and cancer cells, including the gene expression patterns, self-renewal
ability, and telomerase activity, amongst others outlined previously in this introduction. If the
MESCs expressing these transgenic H3.3 variants are indeed being held in the pluripotent
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state, this could lead to tumour formation due to the fact that pluripotent stem cells are
immortal, and can continue proliferating for as long as feasible. This persistence of mitotic
activity of stem cells increases the potential of these cells becoming a reservoir for the
accumulation of oncogenic mutations!®. This is due to the fact that the self-renewal
mechanisms that allow stem cells to maintain this state involve proto-oncogenic pathways;
Wnt, Shh, and Notch!!®. Another potential hypothesis of the cause of these cancers as a
result of these substitutions in the histone H3.3 tail is that the loss of methylation causes a
loss in repressive marks on tumorigenic genes, or conversely a gain in active marks on
tumorigenic genes.
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2 Materials and Methods

All general consumables were obtained from Corning (USA) and Thermo Fisher Scientific
(USA). Nikon microscopes were used for observation and counting of cells in culture, a Nikon
dissection microscope was used during the derivation of MEFs, and an Olympus IX81
microscope was used in the imaging of the Embryoid Bodies.

2.1 Cell Lines

Mouse embryonic stem cell (MESCs) lines were engineered as previously described!®
under a doxycycline (Dox) inducible promoter, and obtained from Dr. Justin Brumbaugh. The
two components of the Dox inducible system are the reverse tetracycline controllable trans-
activator (rtTA), and the tetracycline operator minimal promoter (tetOP), which drive
expression of the gene of interest'’®. In the endogenous bacterial system, transcription
occurs in the presence of tetracycline, or one of its analogues such as doxycycline, as the
Tet repressor (tetR) will bind to the tetracycline and not the Tet response element (TRE).

A reverse Tet repressor (rTetR) was developed by Gossen et al*?® which required the
presence of tetracycline (or an analogue) for induction of transcription. This new trans-
activator was named rtTA (reverse tetracycline controllable trans-activator), and is capable
of binding to the operator only if bound to tetracycline, or in this case doxycycline. Therefore,
the addition of Tet or Dox initiated the transcription of the gene of interest!1%120,

The mESCs were engineered to contain either one of the histone H3.3 transgene variants
(K36M, K361, K9M or K9l), overexpression of the wild type histone H3.3, or overexpression
of Nanog (obtained from Dr Konrad Hochedlinger).

2.1.1 Table of Cell Lines

H3.3K361 | Substitution of H3.3 Lysine 36 by Isoleucine

H3.3K36M | Substitution of H3.3 Lysine 36 by Methionine

H3.3K9l Substitution of H3.3 Lysine 9 by Isoleucine

H3.3K9OM | Substitution of H3.3 Lysine 36 by Methionine

H3.3 OE Overexpression of wild-type histone variant H3.3.

This cell line was used as a negative control in order to show that the increased
expression of the histone variant H3.3 does not have any impact on the
methylation state of H3.3K36 or H3.3K9.

Nanog OE | Overexpression of Nanog.

This cell line was selected for use as a positive control in the self-renewal
assay. See section 2.9.

Table 2 Overview of Cell Lines used.
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2.2 Mycoplasma

Mycoplasmas are a highly common bacterial contaminant of cells in culture, and are the
simplest and smallest self-replicating bacteria. Mycoplasma infection of cultured cells can
cause alterations to many processes within host cells, including interference with membrane
receptors and transport mechanisms!?!, oxidative damage to the cell membrane!??, and
hydrolysis of phospholipids on the host cell membrane?. These could in turn could lead to
the triggering of various signalling cascades?.

Unfortunately Mycoplasmas are often resistant to the antibiotics commonly used in cell
culture, and also do not often cause visible cell damage or produce turbid growth®>'2°, This
makes testing via methods such as PCR necessary for accurate detection of contamination.
To avoid the use of cells contaminated with Mycoplasma for these investigations, all cells in
culture were tested for Mycoplasma every 2-3 passages (see Genotyping and Mycoplasma
testing section 2.7). Murine Embryonic Fibroblasts (MEFs) were tested after derivation at
passage 0, and before freezing.

2.3 Mice

All protocols which involved the use of mice during this investigation were performed as per
the Institutional Animal Care and Use Committee (IACUC) and the Massachusetts General
Hospital Centre for Comparative Medicine’s (CCM) regulations for the humane treatment of
laboratory animals, to ensure the adherence to all pertinent laws and regulations.

2.3.1 Table of Mouse Strains

H3.3K36M/ rtTA Heterozygous/ heterozygous
OKSM/ rtTA Heterozygous/ heterozygous

Table 3 Overview of mouse strains used for producing MEFs for reprogramming assay.

2.4 Cell Culture

Cell culture plates were prepared for mESC culture by incubation with 0.1% gelatine solution
for a minimum of 10 minutes (min) at 37°C. After removing the gelatine solution from the
culture plate, irradiated Murine Embryonic Fibroblasts (MEFs) were subsequently seeded on
to the gelatinised plates as feeder cells in MEF media (DMEM (Dulbecco’s Modified Eagle
Medium, Gibco™ ThermoFisher), 10% filtered FBS (Foetal Bovine Serum, Sigma), 1X
NEAA (Non-Essential Amino Acids, Gibco™ ThermoFisher), 1X GlutaMAX™ (Gibco™
ThermoFisher), 55 yM B-Mercaptoethanol (Gibco™ ThermoFisher)). The feeder cells were
plated and incubated overnight at 37°C, allowing the MEFs to completely cover the growth
surface prior to the plating of the mESCs.

The mESCs were plated onto the prepared feeder cells in ESC media (Gibco™ Knockout-
DMEM (ThermoFisher), 15% filtered FBS (Hyclone), 1x Non-Essential Amino Acids (NEAA),
1x GlutaMAX™, 55 uM B-Mercaptoethanol, 1000 U/mL Leukaemia Inhibitory Factor (LIF,
produced in-house)). They were incubated at 37°C, in 5% CO..
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The ESC media was changed daily, and the mESCs were passaged every 3-4 days
depending on the confluency of the cells. The cells were passaged by first removing the old
media from each well. The cells were then dissociated by adding Trypsin-EDTA (Gibco™
ThermoFisher), and incubating the plates for approximately 3-5 min at 37°C, 5% CO., until
the cells had detached from the plate. The Trypsin was then quenched with fresh ESC media
(1-2 times the volume of the Trypsin used). The cells were gently re-suspended by pipetting
the media up and down, and subsequently the required volume of cell suspension was
transferred to a new well with pre-plated feeder cells and fresh ESC media.

2.5 Derivation of Murine Embryonic Fibroblasts (MEFs)

MEFs were derived and expanded in culture to be used as feeder cells for the culturing of
MESCs.

To time the pregnancy, the female mice were checked in the mornings for a vaginal plug to
determine the day 0 point. The foetuses were harvested at between 13 and 14 d.p.c (day
post-coitum) by first sacrificing the mother via cervical dislocation, and immediately
disinfecting the female by spraying the animal with 70% (v/v) ethanol. With the dam on her
back, the fur covering the belly was removed and the peritoneum was carefully cut open to
access the abdomen. The uterine horns were dissected out, and placed into a dish
containing cold DPBS (-Ca?*, -Mg?*, Gibco™ ThermoFisher). Each embryo was separated
from its placenta and embryonic sac before being moved to a new dish with fresh cold DPBS.
The head, limbs, tail, internal organs and spinal cord were all removed from the foetus, and
the remaining tissue was placed into a 6 well plate (one foetus per well) in DPBS.

Under a tissue culture hood in sterile conditions, the tissue was transferred to a new, sterile
6 well plate and finely minced in 200 pl of Trypsin EDTA by using two sterile scalpels. When
the tissue was minced finely enough to be possible to pipette, 500 pl of trypsin was added
to each well and incubated for 10 min at 37°C, 5% CO.. 4 mL of MEF media with 1X sterile
filtered Pen-Strep (Penicillin Streptomycin, Sigma-Aldrich) were used to re-suspend the cells
as thoroughly as possible by pipetting the media up and down multiple times. The cell
suspension was transferred to a T75 cell culture flask containing 6 mL MEF media with 1X
Pen-Strep, and incubated at 37°C in low oxygen.

2 mL of MEF media (without Pen-Strep) were added to the wells of the 6 well plates where
the tissue was minced to expand out any remaining MEFs. These cells were then used for
Mycoplasma contamination testing via Polymerase Chain Reaction (PCR).

The MEFs were expanded in a low oxygen incubator until they became confluent (usually
after 2 days of culture), and split 1:3 into 3 x T175 flasks (the splitting was performed using
the same procedure as described in section 2.4, Cell Culture). The MEFs were expanded in
this fashion until passage 3 or 4.

Prior to use as a feeder layer for mESCs, MEFs must be mitotically inactivated via
irradiation?®. Before being irradiated, the MEFs were harvested by using the same method
as that used to passage cells (described in section 2.4, Cell Culture), counted using a
haemocytometer, and collected into 50 mL conical flasks on ice. A caesium source irradiator
was used to irradiate the MEFs at a dose of 30 gray.
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After the MEFs had been irradiated, the cells were pelleted by using a Beckman Coulter
Allegra X-12R centrifuge at 1000 rpm for 5 min, and the media was removed. To re-suspend
the MEFs for freezing, half of the desired final volume of MEF media (depending on the
desired cell concentration of the frozen cell stocks) was added to the cells, and the
suspension was subsequently made up to the desired final volume by the addition of freezing
media (20% DMSO (Dimethyl Sulfoxide, Sigma-Aldrich) in MEF media). The freezing media
was added to the cell suspension dropwise with slight shaking until the suspension was
homogenised. The cells were pipetted into cryovials, which were then transferred to a Mr.
Frosty™ Freezing Container (Thermo Fisher Scientific) filled with 100% Isopropanol, and
placed into a - 80°C freezer to achieve a rate of cooling of -1°C per min.

A small sample of cells was taken for Mycoplasma testing of the MEFs before freezing
(outlined in section 2.6).

2.6 DNA Extraction

Tissue for the genotyping of the mice was obtained by cutting and collecting approximately
2 mm of the tip of the tail from mouse pups of around 7-10 days old and placed into a PCR
tube.

In order to collect DNA from cells for either genotyping or Mycoplasma contamination testing,
the cells were harvested using the procedure described in section 2.4, Cell Culture. The
harvested cells were pelleted (1000 rpm for 5 min) and the media was removed. The pellet
was washed twice with DPBS.

75 pL of Alkaline extraction buffer (5 mL H>O, 11.65 pL 30% NaOH, 0.7 M EDTA) were
added to the tail tissue or cells (the lysed cell suspension was then transferred to PCR tubes).
The tubes containing the tail tissue/ cells were incubated in a thermocycler (BioRad PTC-
200 Thermocycler) at 95°C for 30 min, followed by 4°C for 15 min. The reaction was
immediately quenched via the addition of 75 uL of 40 mM Tris HCI, pH 5.5.

The DNA was then used for PCR reactions for genotyping or Mycoplasma testing.

2.7 Genotyping and Mycoplasma Testing
2.7.1 PCR Reaction Mixes

2 uL of DNA (extracted from mouse tail tissue or cultured cells) were added to a PCR tube,
along with 10 uL GoTag® G2 Hot Start Green Master Mix (Promega), 1 pL of 10 mM forward
and reverse primer mix, and 7 pL H2O.

For the Mycoplasma testing, positive controls were used to ensure that the PCR worked.
These positive controls were DNA derived from cells known to be contaminated with
Mycoplasma.
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2.7.2 Primers

Primers for Mouse Genotyping
Collal (locus of H3.3K36M and OKSM insert):

Col/frt-B CCCTCCATGTGTGACCAAGG Reverse
Col/frtA1 GCACAGCATTGCGGACATGC Forward
Col/frtC1 GCAGAAGCGCGGCCGTCTGG Targeting vector

ROSA26 (locus of rtTA insert):

Rosal AAA GTC GCT CTG AGT TGT TAT
Rosa2 GCG AAG AGT TTG TCC TCA ACC
Rosa3 GGA GCG GGA GAA ATG GAT ATG

Mycoplasma Primers

Myco 5/6:
Myco 5 GGT GTG GGT GAG TTATTA CAA ART CAATT
Myco 6 GGA GTG AGT GGA TCC ATA AAT TGT GA
Myco 2/11.:
Myco 2 CTT CWT CGA CTT YCA GAC CCA AGG CAT

Myco 11 ACA CCATGG GAG YTG GTA AT

2.7.3 PCR Programmes

The tubes containing the PCR reaction mixes were capped and placed into the thermocycler,
and the following programmes were used for the PCRs:

Mouse Genotyping
CollAl -

95°C for 1 min

94°C for 30 s

70°Cfor45s

Repeat from step 2 for 1 cycle
94°C for 30 s

68°C for 45 s

Repeat from step 5 for 4 cycles
94°C for 20 s

. 66°C for 1 min

10. Repeat from step 8 for 29 cycles
11. 72°C for 5 min

CoNor®ONE

ROSA26 -

1. 94°Cfor30s
2. 60°Cfor30s
3. 72°Cfor60s
4. Repeat all steps for 30 cycles
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Mycoplasma Testing
Myco 5/6 —

94°C for 1 min

94°C for 30 s

50°C for 1 min

72°C for 1 min

Repeat from step 2 for 2 cycles
94°C for 30 s

60°C for 1 min

72°C for 1 min

. Repeat from step 6, 34 cycles
10. 72°C for 5 min

11. 10°C forever

©CoNoOrWNE

Myco 2/11 -

95°C for 2 min

95°C for 45 s

55°C for 45 s

72°C for 1 min

Repeat from step 2, 31 cycles
72°C for 10 min

10°C forever

NooasrdwdE

2.7.4 Agarose Gel Electrophoresis

The PCR products were separated by size by agarose gel electrophoresis for analysis. The
gel comprised of 2% Agarose in Tris-acetate-EDTA (TAE) Buffer. The PCR products were
pipetted into the wells of the agarose gel, which was submerged in TAE buffer in an
electrophoresis chamber. An electrical current of 100 Volts (V) was then passed through the

gel for approximately 30 min, or until the dye front reached the end of the gel (depending on

how similar the size of the products to be separated were; the gel was run longer if the

products were close in size, to allow for an adequate degree of separation of the bands in

the gel).

2.7.5 Band Sizes

Col1Al locus:
Wild type fragment: 331 bp Primers B + Al
Mutant fragment*: 551 bp Primers B + C1

ROSAZ26 locus:

Wild type fragment: 600 bp
Mutant fragment*: 350 bp

Mycoplasma:

Myco 5/6: 250 bp
Myco 2/11: 450 bp
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*The ‘mutant fragment’ refers to the band produced if there is an insert at that locus. In the
case of CollAl, the inserts were H3.3K36M and OKSM (The Yamanaka Factors Oct4, Klf4,
Sox2 and c-Myc'?, to be used for the reprogramming of the MEFs). The insert at ROSA26
was rtTA, which is required for the induction of the expression of the Yamanaka Factors and
the H3.3K36M.

The wild type fragment refers to the band produced when there is no insert at that locus.

2.8 SDS-PAGE and Western Blot Analysis

MESCs (H3.3 mutants and H3.3 overexpression cells, see 2.1.1, Table of Cell Lines) were
plated onto gelatine only without feeder cells, in ES media without LIF, to stress the cells
towards differentiation. Dox (1000 U/mL) was used to induce the expression of the mutation,
and a control was cultured without Dox.

The samples were prepared by first removing the media and detaching the cells as
previously described (see section 2.4, Cell Culture). The cells were washed with 1X DPBS
and centrifuged at 1000 rpm for 5 min to pellet the cells. The DPBS was removed and the
cells were re-suspended in 500 pl of Buffer NB-A (85 mM KCI, 5.5% Sucrose, 10 mM Tris-
HCl pH 7.5, 0.2 mM EDTA). Subsequently, 500ul of Buffer NB-B (85 mM KCI, 5.5% Sucrose,
10 mM Tris-HCI pH 7.5, 0.2 mM EDTA, 0.1% IGEPAL) were added and the tube was inverted
gently to mix. The suspension was centrifuged at 900 x g for 3 min, and the supernatant was
then removed. The pellet was re-suspended in 1 mL of Buffer NB-R (85 mM KCI, 5.5%
Sucrose, 10 mM Tris-HCI pH 7.5, 1.5 mM CaCl;, 3 mM MgCl;) and centrifuged at 300 x g
for 3 min. The supernatant was removed and the pellet was re-suspended in 50 ul Buffer
NB-R. Laemnli Sample Buffer (5X stock: 0.35 M SDS, 1 M Tris pH 6.8, 1.5 mM Bromophenol
blue, 0.5 M DTT (dithiothreitol), 50% Glycerol), was added to samples at a 1:5 concentration.
The samples were sonicated for 5 min in a bath sonicator at 4°C, were boiled for 5 min to
re-dissolve precipitated SDS, and to prepare the samples for loading.

The samples were loaded into a 4-20% polyacrylamide gel (Biorad Mini-PROTEAN TGX
Stain-Free™ pre-cast gel), which was mounted in a Biorad Mini-PROTEAN® Tetra Vertical
Electrophoresis Cell containing 1X TGS (Tris-Glycine SDS) buffer. Biorad Precision Plus
Protein™ Dual Colour Standards protein ladder was loaded alongside the samples. A 200
V current was passed through the cell for ~20 min, until the dye front reached the end of the
gel. The gel was placed into a Western Blot transfer sandwich with nitrocellulose membrane
in 1X TG (Tris-Glycine) Buffer with 20% methanol (v/v), and transferred at 100v for 1 hour at
4°C. The membrane was then blocked using 5% (w/v) milk (non-fat milk powder in Tris-
Buffered Saline with 1:1000 Tween (TBST)) overnight at 4°C on a shaker. The milk was
removed and the membrane was incubated with primary antibody (Ab) (rabbit Ab against
K36me3 (1:2000), K9me3 (1:2000) or H3 (1:10000)) and 5% (w/v) milk in TBST for 1 hour
at room temperature on a shaker. The samples stained for H3 were used as the loading
control. The primary antibody was removed and the membrane was washed 3 times for 5
min each in TBST, with shaking. The secondary antibody (goat a rabbit) in 5% milk TBST
was added to membrane and incubated for 1 hour at room temp with shaking.

The membrane was washed 3 times for 5 minutes each in TBST. Biorad Clarity™ ECL
Substrate (Enhanced chemiluminescence) used to detect the proteins bound on the
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nitrocellulose membrane, and to develop them onto photographic film. The proteins were
able to be visualised onto photographic film due to luminescence produced as a result of the
reaction between the ECL Substrate and the Horseradish peroxidase (HRP) which was
conjugated to the secondary antibodies. HRP catalyses the oxidation of luminol into a
reagent which emits light upon decaying. The size and location of the bands which were
revealed upon development of the photographic film directly correlates with the amount and
location of protein on the membrane. This is due to the luminol oxidation being catalysed by
the HRP, which is complexed with the protein of interest on the membrane. The more light
produced means the more luminol being oxidised due to a larger concentration of HRP, as
a result of more protein being present on the membrane.

2.9 Self-Renewal Assay and Alkaline Phosphatase
Staining

MESCs containing one of either the H3.3 mutants (K36M, K36l1, K9M, K9l), H3.3, or Nanog,
were plated at a clonal density of 1000 cells per well of a 6 well plate (in triplicate). The assay
was repeated 3 times for each cell line.

The cells were cultured for 6 days in standard ES media with or without LIF (1000 U/mL),
and with or without Dox (1000 U/mL). The media was changed every day. The ESCs were
plated onto wells coated with 0.1% gelatine only (gelatine pre-plated overnight), with no
feeder cells in order to further stress the ESCs towards differentiation. The reason for
stressing the cells towards differentiation is to highlight that the mutations are capable of
preventing the ESCs from exiting the pluripotent state, if this in indeed the effect that the
transgenes are having.

The Nanog over-expression cell line was used as a positive control showing the ideal
situation of cells being held in a pluripotent state in the absence of LIF, and to ensure that
the assay was working. Nanog was selected as it is known to be a key mediator of the
acquisition of pluripotency; embryonic and also induced pluripotency!?®, has been shown to
be sufficient in driving self-renewal of undifferentiated ESCs in a cytokine-independent
manner'?®, and Nanog is also able to promote the transfer of pluripotency after ESC fusion®*°,
The over-expression of wild type H3.3 line was used as a negative control in order to show
that the increased amount of histone H3.3 does not have any impact on the methylation of
H3.3K36 or H3.3K9.

After 6 days of culture, the media was removed, the cells were washed in 1X PBS and
stained using VECTOR Red Alkaline Phosphatase (Red AP) Substrate kit (in solution with
125 mM Tris HCI pH8.2, Vector Laboratories). Alkaline Phosphatase (AP), a hydrolase
enzyme responsible for the de-phosphorylation of nucleotides and proteins under alkaline
conditions, is a marker for pluripotency in all types of pluripotent stem cells; ESCs, embryonic
germ cells, and induced pluripotent stem cells®*!. A high level of AP expression is
characteristic of pluripotent stem cells, and is present on the cell membrane!32133,

The plates were then scanned into a computer. The number of AP positive colonies in each
well was counted using Fiji (Fiji Is Just Image J) software (parameters: threshold 100, pixel
size 9-, circularity 0-1). The mean of the number of AP positive colonies was taken for each
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technical replicate, for each repetition of the assay, and the subsequent mean was taken for
the three repetitions of the assay (n=9).

2.10 Annexin V Staining Apoptosis Assay

In order to assess whether the H3.3K9M mutation was causing apoptosis of the mESCs, an
apoptosis assay was performed via Annexin V staining (BD Pharmingen) and analysed by
Flow Cytometry using MACSquant® Analyzer (Miltenyl Biotec). Annexin V-PE (hereby
referred to as PE) was used to stain cells undergoing apoptosis, and DAPI was used to stain
dead cells. The un-induced (-Dox) H3OE cells were used for the following controls: unstained
cells (no DAPI or PE), PE only, DAPI only, and a positive control for which the H3OE cells
were microwaved for 15 s in order to kill the cells, and stained with both PE and DAPI. The
H3OE negative controls were the H3OE cells cultured with or without Dox.

MESCs containing the H3.3K9M transgene, or the H3OE were cultured in the same way as
for the self-renewal assay (section 2.9). After 6 days of culture, the cells were trypsinised,
and washed twice with cold PBS. The cells were then re-suspended at a concentration of 1
x 10° cells/mL in 1X Binding Buffer (10X Binding Buffer: 0.1 M HEPES pH 7.4, 1.4 M NaCl,
25 mM CacCl,. Diluted to 1X prior to use). 100 pl of the suspension (~1 x 10° cells) were
transferred to a 5 mL culture tube. The Annexin V and Vital Dye were added as follows: 5 pl
of PE and DAPI (diluted to 1:1000 prior to use) were added to the relevant samples, and
gently mixed. The samples were then incubated for 15 min at room temperature in the dark.
400 ul of 1X Binding Buffer were added to each tube, and analysed by flow cytometry within
1 hour. FlowJo software was used for the analysis of the flow cytometry data. All debris and
cell doublets were removed from the data collected by selectively gating only the single cell
populations, before the population sizes were measured for analysis. The single cells were
selected based on their forward side scatter profiles. Single cells were plotted for DAPI
against Annexin to distinguish apoptotic cells from dead cells.

2.11 Embryoid Body Assays
2.11.1 Embryoid Body Culture

MESCs (H3.3 mutants and H3.3 overexpression cells, see 2.1.1, Table of Cell Lines) were
expanded in 1 well of a 6-well plate on MEFs in ES media until confluent (approximately 3
days). The mESCs were pre-plated 30 min before EB preparation in order to separate the
mESCs from the MEFs. The MEFs would settle and adhere to the culture plate surface within
30 min, leaving the detached mESCs in the supernatant. To pre-plate, the mESCs were
trypsinised and re-suspended in a small volume of embryoid body (EB) media (Iscove’s
Modified Dulbecco’s Medium (IMDM, Gibco™ ThermoFisher), FBS (Hyclone), GlutaMAX
(Gibco™ ThermoFisher), Monothioglycerol (Sigma-Aldrich), Iron-Saturated transferrin,
Ascorbic Acid (Gibco™ ThermoFisher), Non-essential amino acids, Sodium Pyruvate) and
incubated for 30 min at 37°C onto plastic only.

The supernatant containing the non-adherent mESCs was collected and the cells were
counted. The cells were centrifuged at 1000 rpm for 5 min and re-suspended at a density of
400 cells/ 30 pl in EB media. The cell suspension was divided in half and 1000 U/mL of Dox
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were added to the media of one of the suspensions (two media conditions; with Dox and
without Dox). An 8 well multichannel pipette was used to make 30 ul drops onto the up-
turned lid of a low attachment 15 cm dish. The dish was replaced onto the lid and the dish
was carefully flipped over to create hanging drops. For each culture condition (with or without
Dox) two dishes were set up for the day 3 time point (to ensure there was enough material
to produce a sufficient yield of RNA), one for day 6, and two for day 9 (one for reverse
transcription quantitative PCR (RT qPCR) analysis, one for Western Blot analysis).

The hanging drops were incubated at 37°C, 5% CO, for 3 days. After 3 days, the EBs were
harvested with 10 mL of 1X DPBS per plate using a 25 mL pipette to reduce shear stress on
the EBs, and collected into one 50mL conical flask per plate. The EBs were then centrifuged
at 200 rpm for 5 min. The centrifugation speed was lower than that used in regular cell
pelleting to reduce the risk of breaking up the EBs. The EBs were re-suspended gently in 10
mL of EB media and transferred to non-adherent 10 cm dishes (except for those harvested
from two plates for the Day 3 time point).

The dishes were incubated at 37°C and 5% CO on a shaker at low speed (~ 100 rpm) for 6
days. The media was changed every other day, with Dox being included in the media for the
+Dox EBs for the entire period to ensure continuous expression of the mutations.

Photographs of the EBs were taken The EBs were collected at four different time points for
RT gPCR analysis; at Day 0 the remaining ESCs from the hanging drop preparation were
collected, Day 3 (two plates of EBs were harvested), Day 6, and Day 9. Two plates were
collected separately for the Day 9 time point; one for Western Blotting, and one for gPCR).
The EBs were collected by using a pipette to transfer the media containing the EBs to a
conical and centrifuging at 200 rpm to pellet the EBs. The media was removed and the EBs
were washed two times with 1X DPBS. The EBs were pelleted as before, and the PBS
removed. The EBs were stored at - 80°C.

2.11.2 Reverse Transcription Quantitative PCR

Reverse Transcription Quantitative PCR (RT gPCR) was performed on RNA isolated from
the EBs in order to identify the markers expressed at different time points during the EB
assay.

RNA Isolation and cDNA Synthesis

RNA was isolated from the EBs using the QIAGEN RNeasy Kit 250 as per the manufacturer’s
instructions. All reagents named (unless otherwise stated) were included pre-prepared in the
RNeasy kit.

Prior to using the kit, all work surfaces, pipettes and tube racks were cleaned with ethanol
and RNaseZap® Decontamination Solution (ThermoFisher Scientific), to remove any
RNases.

The harvested EBs (see section 2.11.1) were re-suspended in 350 pl of Buffer RLT (with
added B-mercaptoethanol). The EBs were then syringed up and down several times using a
1 mL syringe and 11.5 gauge needle, until the EBs had been lysed. The lysate was then
transferred into a QlAshredder spin column placed in a 2 mL collection tube, and centrifuged
for 2 min at full speed.
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1 volume of 70% ethanol (v/v diluted with UltraPure™ Dnase/Rnase-Free Distilled Water)
was added to the lysate in the collection tube to precipitate the nucleic acids, and pipetted
to mix. The sample, and any precipitate formed, was transferred to an RNeasy MinElute spin
column placed in a new 2 mL collection tube. The lid was carefully closed and the column
was centrifuged for 15 s at 210,000 rpm. The flow-through was discarded. 350 pl of Buffer
RW1 was added to the column and centrifuged for 15 s at 210,000 rpm. The flow through
was discarded. This step was repeated once more. The flow through and collection tube
were discarded. The column was placed into a new 2 mL collection tubed, 500 ul of Buffer
RPE was added to the column, and the column was centrifuged for 15 s at 210,000 rpm.
The flow through was discarded. 500 pul of 80% ethanol was added to the column, centrifuged
for 2 min at 210,000 rpm, and the flow through discarded. With the lid open, the column was
centrifuged at full speed for 5 min. The column was placed into a new 1.5 mL collection tube,
30 pl of RNase-free water was added directly to the centre of the spin column membrane,
and centrifuged for 1 min at full speed to elute the RNA.

The yield of RNA was measured using a NanoDrop spectrophotometer.

cDNA was synthesised from the RNA collected using the SuperScript IV kit (Thermo Fisher)
for use in Quantitative Real Time PCR. 1 pg of RNA was used per reaction, and combined
in a PCR tube with 1 pl of 50 uM Oligo d(T)z20 primer, 10 mM dNTP mix (10 mM each) and
the reaction mix was made up to 13 pl with nuclease free water. The RNA-primer mix was
heated to 65°C in a thermocycler for 5 min and then incubated on ice for 1 min to anneal the
primer to the template RNA. The reverse transcription mix, consisting of 4 pl of 5X SSIV
Buffer, 1 pl of 100 mM DTT, 1 pl of RNaseOUT™ Recombinant RNase Inhibitor and 1 pl of
SuperScript® IV Reverse Transcriptase (200 U/ul), was added to the reaction mix. The
cDNA was synthesised by incubating the combined mix at 52°C for 10 minutes in a
thermocycler, and subsequently inactivating the reaction by incubating it at 80°C for 10 min.
Any remaining RNAs were removed by adding 1 pl of E. coli RNase H and incubating the
mix at 37°C for 20 min. The cDNA was stored at - 20°C until required for use in gPCR.

Quantitative Real Time PCR (qPCR)

Quantitative real time PCR (qPCR) is a technique developed by Heid et al*** used to quantify
the amount of gene expression in real time, by measuring accumulation of PCR products by
using a fluorescent DNA binding dye such as SYBR® green, which emits light as a result of
being broken down by Tag polymerase. As the PCR progresses, the SYBR dye is
incorporated into the amplified DNA, causing an increase in the amount of fluorescence. The
increase in the amount of fluorescence is measured throughout the cycle, allowing the
calculation of the amount of DNA that has been amplified in real time. A threshold in the
amount of fluorescence measured is achieved once enough target DNA has been amplified.
The C; value is the cycle number at which this threshold is reached. This value is used in the
calculation of the relative expression level of the genes under investigation. The relative
expression of a gene is measured by using C;value of a housekeeping gene (genes that are
involved in the maintenance of basic cellular functions and are thus expressed at a constant
level in all cells under normal and pathophysiological conditions) and the C; value of the
target gene.
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For this investigation, Brilliant 11l SYBR® Master Mix (Agilent Technologies) was used in a
reaction mix consisting of 1l of cDNA (100 ng/ul) and 10 mM of forward and reverse primers.
The reaction mix was made up to the desired reaction volume with nuclease free water.

All samples were loaded in triplicate into a 384 well plate, sealed with an optical film (Bio-
Rad) and centrifuged at 1000 rpm for 30 s. The plate was then placed into a LightCycler®
480 (Roche Life Science) machine.

The gPCR programme used was:

95°C for 5 min

95°C for 20 min

60°C for 20 min

72°C for 20 min

Repeat from step 2 for 40 cycles

arwDdDE

The melting curve selected for the programme was 65 - 95°C, with increments of 0.5°C.

Primer Efficiencies

Primer efficiencies were calculated by testing primers at different dilutions (1:10, 1:100,
1:1000, and 1:10000) and the Cy values were collected. The Cr values were plotted onto a
graph and the slope of the linear regression model of the data points was used in the
calculation of the primer efficiency:

E=10—
ACT
ACt = Cy reference gene - Cytarget gene
Relative Expression Calculation

The relative expression levels of the genes investigated were calculated using a modified
version of the Livak and Schmittgen et al 2"22°T method*®®, using Actin as the reference
housekeeping gene:

Relative target yield = 2 — AACT

Cr = cycle number at which the fluorescence threshold was reached
AA = difference between Crvalues of reference gene and target gene
AACr = ACr target gene - ACy reference gene

2.12 Reprogramming Assay

A cross between the mouse strains H3.3K36M/rtTA and OKSM/rtTA (see section 2.3, Table
3) was set up with the aim of producing MEFs containing both H3.3K36M and OKSM, along
with rtTA. The resulting MEFs were to be used in a reprogramming assay in order to analyse
the effect of the H3.3K36M mutation on the reprogramming of somatic cells containing the
transgenic H3.3.
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The MEFs were derived and expanded in culture as described in section 2.5 (Derivation of
Murine Embryonic Fibroblasts (MEFs)) and genotyped and tested for mycoplasma
contamination as described in section 2.7 (Genotyping and Mycoplasma Testing).
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3 Results

3.1 Expression of H3.3 mutants K36Il/M and K9I/M causes a
global reduction in H3.3K36 and H3.3K9 tri-methylation

SDS-PAGE and Western Blot analysis were performed on transgenic mESCs (see 2.1.1
Table 2) which had been cultured for 4 days in standard ESC culture conditions in the
absence of LIF, and with or without Doxycycline (Dox). Immunostaining of the Western Blots
(Figure 2) was used in order to determine that the expression of the substitution mutations
H3.3K361/M and H3.3K9I/M in our mESCs re-produced the effect of wiping out the H3.3K36
and H3.3K9 tri-methylation as previously demonstrated by Lewis et al?, in the case of the
H3.3K27I/M substitutions and the resulting loss of the tri-methylation on H3.3K27.

As shown in Figure 2, the overexpression of histone variant H3.3 (H3.30E) has no effect on
the methylation state of either H3.3K36me3 or H3.3K9me3. However, the substitution of
Histone H3 Lysine 9 (H3.3K9) or Histone H3 Lysine 36 (H3.3K36) with Isoleucine or
Methionine is shown to cause a global eradication of the tri-methylation of H3.3K9 or
H3.3K36, respectively.

As well as this loss of K36me3 in cells with the K361/M substitution, and K9me3 in K9I/M
substituted cells, the immunoblots also show a slight reduction in K9me3 in the cells
expressing H3.3K361/M, and the same reduction of K36me3 in the cells expressing
H3.3K9I/M.

H3.30E H3.3K9M H3.3K91 H3.3K36M  H3.3K36l

aH3

a H3.3K36me3

a H3.3K9me3

Figure 2. Transgenic H3.3 mESCs cultured with or without Dox for 4 days in the absence of LIF.
Immunostained for H3.3K36me3, H3.3K9me3, and for H3 as the loading control.
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3.2 Alkaline Phosphatase staining shows H3.3 mutations
do not hold mESCs in a pluripotent state

In order to observe the effect of these Histone H3.3 mutations on the self-renewal ability of
MESCs, the cells were cultured at a clonal density on a gelatine coated 6 well plate, in four
different media conditions: +LIF +Dox, +LIF —Dox, -LIF +Dox, and —LIF —Dox. The cells were
then stained with Alkaline Phosphatase after 6 days of culture, in order to determine the
number of cells which remained in the pluripotent state. The number of AP positive cells was
measured by using FIJI (FIJI is just Image J) software to count the red, AP positive cells.
The significance of the results was then determined through using Graphpad Prism to
perform t-tests in order to compare the cells with and without induction of the mutation for
both culture conditions (with and without LIF). A p value less than 0.05 (p <0.05) is

considered to be significant.

Alkaline phosphatase (AP) staining of the cells after 6 days of culture revealed that the H3.3
mutations did not cause the mESCs to be held in the pluripotent state.

H3 OE Nanog OE H3.3K36M H3.3K36I H3.3K9M H3.3K9l

+ LIF/ +Dox ; e

e
N

+ LIF/ -Dox | : CieRee ¢ & i ’}(f I |

- LIF/ +Dox \ i A Y
. &2

Se—

- LIF/ +Dox )) | /)‘ jj | }\ | 4‘

Figure 3 Alkaline phosphatase staining of mMESC clones expressing the Histone H3.3 mutations
(H3.3K361/M, H3.3K9I/M) in 4 ES media culture conditions.
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The H3OE line (used as a negative control) was used to demonstrate that the removal of
LIF results in the differentiation of the mESCs. These results show that the overexpression
of the histone variant H3 does not have an effect on the differentiation behaviour of mMESCs.
This can be seen in Figure 3, which shows no difference in the number of AP positive
colonies between those cultured with or without Dox in the presence of LIF, and no difference
between those cultured with or without Dox in the absence of LIF. This is shown
guantitatively in Figure 4, where the bar graphs show that the means and standard deviation
between the replicates were almost identical. A t-test performed to measure the difference
between the number of AP positive colonies between the induced and un-induced
transgenes within each culture condition (with or without LIF) produced a p value of > 0.05
for both conditions. This confirms that there is no significant difference in the number of AP
positive cells between the two conditions.

These assays show that only the mESCs in which Nanog was overexpressed were held in
a pluripotent state in the absence of LIF. This is can be seen clearly in Figure 3, and is shown
guantitatively in Figure 4 B. The t-test performed produced a p value of > 0.05 between the
induced and un-induced cells cultured with LIF, showing that there was no significant
difference in the number of AP positive colonies. A p value of < 0.05 (p < 0.0001) showed a
significant difference in the number of AP positive colonies between the induced and un-
induced cells cultured in the absence of LIF.

Figure 4 C- F shows fewer AP positive mESCs in both conditions (+LIF, -LIF) for all
transgenic H3.3 cell lines where the mutations were induced (+Dox), demonstrating that they
are not being held in a pluripotent state by the expression of the H3.3 transgenes.

The minor exception to this are the cells expressing H3.3K36l, which do not show a
perceivable difference in the number of AP positive colonies between those cultured with
and without Dox in the presence of LIF (Figure 4 D). The t-test produced using the mean
number of AP positive colonies taken for each technical replicate, and subsequently for each
repeat, resulted in a p value of > 0.05 for the H3.3K36I cells cultured in LIF, confirming that
there is no significant difference between the number of AP positive colonies between the
un-induced (-Dox) and induced (+Dox) H3.3K36l lines. However, more variation in the
number of colonies remaining pluripotent was seen between the repeats of the assay in the
condition +LIF +Dox.

In the absence of LIF, marginally more AP positive colonies can be seen in the induced
H3.3K36I line (Figure 4 D). The t-test produced a p value of > 0.05, which showed that this
difference between the un-induced and induced H3.3K36l lines was not significant.

The t-test performed for both transgenic H3.3K9 lines showed no significant difference in the
number of AP positive cells between the induced and un-induced cells cultured with LIF, with
a p value of > 0.05. There was found to be a significant difference between the induced and
un-induced cells lines cultured without LIF for both H3.3K9l and H3.3K9M, with a p value of
< 0.05.

31



Culture Media Conditions

E

7] (7]
(] (]
= H3 OE £ Nanog OE
8 500+ 8 500+
g g
E= 400+ =] 400+
[72] 7]
g g
- 3004 N 3004
(2] n
) i
© 200+ © 200+
< L
2 g
_g 1004 _8 100+
. N . ;
_g 0- T T .g 0-
T + + u 3+ ®
E: & «\'oo & ~'<\’°° 2 <
x\§ x\> o\§ '\> x\>
Culture Media Conditions Culture Media Conditions
A
g g
‘£ H3.3K36M ‘g H3.3K36I
o oS
8 500+ 8 500+
o o
>
2 400- & 4004
8 8
oy 300- = 300-
s s
) i
© 2004 g 2004
= S
3 7
7]
A o 1004
_8 100 f
o
a 0- == . 2 0-
s 4 + + + ® oF oF oF oF
F & Q\'°° N 3 E & F «\”o &
>¢\’\<( x\> .\§ > 2 xv » v
Culture Media Conditions Culture Media Conditions
g g
= H3.3K9M = H3.3K9l
5] 5]
8 5001 8 5001
e 3
= 400+ 5 400
7] (7]
8 8
= 300+ & 300-
(7] (7]
& 8
© 2004 © 2001
= L
% %
_g 100+ _g 1004
o o
£ 0- £ 0-
s + o+ & + = & & + &
g ; ,90 Q\Qo \,‘Oo & o g g ,90 Q\'oo y ,90 Q\90
= PO NI > = POV IS >

Culture Media Conditions

Figure 4 AP staining of mESC clones expressing the Histone H3.3 mutations H3.3K361/M, H3.3K9I/M

in 4 ES media culture conditions (n=9).
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Annexin-PFE

3.3 Annexin V staining of H3.3K9M showed no effect on the
amount of apoptosis occurring

Figure 5 Flow cytometry analysis of H3.3K9M apoptosis assay using FlowJo software. Annexin V PE
dye stains apoptotic cells, DAPI stains dead cells. H3OE cells were used for the controls.
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Annexin V staining was used to perform an apoptosis assay to determine whether the
H3.3K9M mutation is fatal to mESCs. H3.3K9M or H3OE expressing mESCs were cultured
for 6 days —LIF, on gelatin only. The cells were then stained with Annexin-PE and DAPI, and
the results were analysed via flow cytometry. The single cells were selected based on their
forward side scatter profiles. Single cells were plotted for DAPI against Annexin to distinguish
apoptotic cells from dead cells. This was done using FlowJo software.

Apoptotic cells are positive for PE and negative for DAPI, since DAPI can only stain dead
cells due to their membranes not being intact, and the cell membranes in apoptotic cells is
still intact.

The H3OE cell line was used for the following controls; unstained cells, PE stain only, DAPI
stain only, the positive control (cells killed by microwaving, and stained for both DAPI and
PE), and the negative controls which were H3OE cells cultured either with or without Dox, to
be the reference point for the H3.3K9M +/- Dox conditions.

DAPI staining was used to differentiate cells undergoing apoptosis from dead cells. PE
positive and DAPI negative cell populations are those undergoing apoptosis. This apoptotic
population can be seen in the top left corner of the graphs, labelled Annexin+. The DAPI
positive and PE negative population, seen in the bottom right area of the graphs, contains
the population of dead cells. Cells which are double positive for DAPI and PE are dead, and
are seen in the top right area of the graphs, labelled DAPI+ Annexin+. The population which
is negative for both PE and DAPI are cells which are alive, seen in the bottom left area of
the graphs.

The flow cytometry analysis of the results, shown in Figure 5, reveal that all of the controls
showed the expected results; the unstained H3OE control (Figure 5 A) only has one
population, which is double negative for both PE and DAPI. The PE only control (Figure 5
B) showed no cells which were positive for DAPI, and 16.3% of the total cell number stained
positive for PE. The DAPI only control (Figure 5 C) showed no PE positive cells, and a small
number of DAPI positive cells. This shows that there were very few dead cells, however the
difference between dead and alive cells can be seen clearly. The positive control of
microwaved H3OE cells stained for both PE and DAPI (Figure 5 D) showed a population of
13.5% of cells which were positive for PE. This population is undergoing apoptosis. 13.6%
of cells were positive for both DAPI and PE, which means that this population consists of
dead cells. There were no cells which were positive for DAPI and negative for PE.

The negative controls for which H3OE cells were cultured without and with Dox (Figure 5 E
and F, respectively) showed very little difference between the size of the population of PE
positive, apoptotic cells between the un-induced (-Dox) and induced (+Dox) overexpression
of histone H3. The un-induced H3OE line showed an apoptotic population size of 15.8% (of
the total cell number), compared with a population of 11.4% in the induced H3OE line. The
population of dead cells, which were positive for both DAPI and PE, were also of similar size
between the un-induced and induced H3 overexpressing cells, with a population size of
4.31% in the un-induced line, and 2.67% in the induced line.

The H3.3KOM cells showed no real difference between the sizes of the population of
apoptotic cells (PE positive), or the population of dead cells (DAPI+ and PE+) between the
un-induced and induced cells (Figure 5 G and H, respectively). The population sizes of

34



apoptotic cells were 11.6% in the un-induced H3.3K9M cells, and 11.8% in the induced
H3.3K9M cells. The sizes of the population of dead cells were 2.72% in the un-induced cells,
and 2.72% in the induced cells.

No significant differences can be seen between the population sizes of either the apoptotic
cells (PE positive) or the dead cells (DAPI and PE positive) between the H3OE negative
control cells and the H3.3K9M cells, for either the un-induced (-Dox) or the induced (+Dox)
groups. The un-induced H3OE cells do however show marginally larger populations of
apoptotic, and dead cells than the other 3 groups (H30OE +Dox, H3.3KO9M —-Dox and
H3.3K9M +Dox).

When induced by Dox, the entire cell populations appear to shift to the right of the graph,
resulting in the populations appearing one log higher on the DAPI axis than the un-induced
populations (-Dox), for both cell lines, H30OE and H3.3K9M.

There also seems to be an upward shift in PE negative cells in the samples which were
stained with the Annexin-PE. This can be seen upon comparison of samples stained with
Annexin-PE with the unstained cells (Figure 5 A, C), which shows the unstained cell
population to be lower on the Annexin-PE scale than the negative population on the graphs
in which PE had been added to the samples (Figure 5 B, D, E, F, G and H)
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3.4 Transgenic H3.3-expressing embryoid bodies show a
size phenotype

In order to quantify the effect of the transgenic H3.3 expression on differentiation, the mESCs
containing the H3.3K361/M or H3.3K9I/M mutation were used to produce embryoid bodies
(EBs) by using the hanging drop formation method (see Materials and Methods chapter
2.11.1 Embryoid Body Culture). After 3 days of hanging drop culture, the EBs were
transferred to non-adherent culture dishes and incubated on a shaker for 6 more days to
allow the EBs to differentiate.

The EBs were cultured in EB media with or without Dox from the beginning (the day of the
hanging drop preparation), in order to ensure continual expression of the transgenes
throughout both the formation and culture period of the EBs.

The diameter of the EBs was measured by using photographs of the EBs and ImageJ
software. The mean values were used in the t-test calculation to compare the sizes between
the induced (+Dox) and un-induced (-Dox) EBs for each condition. A p value of < 0.05 is
accepted as being significant.
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Figure 6 Embryoid bodies formed from mESCs expressing H3.3 transgenes H3.3K361/M or
H3.3K9I/M cultured in embryoid body media +/- Dox. Representative images taken at time points Day
6 and Day 9, scale bar = 200um.
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Figure 6 depicts 4X magnified photographs of EBs at the day 6 and day 9 time points, with
and without Dox. The H30OE EBs (negative control) display a slight, but not significant (p >
0.05), difference in size between the EBS at both time points, with and without Dox.

All of the transgenic H3.3-expressing EBs show a phenotype of smaller EBs when induced
(throughout the culture period) with Dox (Figure 6).

Both H3.3K36M and H3.3K36l show significantly smaller EBs when the mutations are
induced, with p values of < 0.05 for both day 6 and day 9 with H3.3K36M, and p < 0.05 at
day 9 with H3.3K36I (Figure 7). The difference was not significant between the un-induced
and induced H3.3K36l EBs at day 6, with a p value of > 0.05.

The biggest difference in size can be seen in both of the K9 mutants (K9l and K9M); the
H3.3K9M EBs are significantly smaller than their non-induced control (Figure 7) with analysis
via t-test showing a p value of < 0.05 for the EBs at day 6, but the p value at day 9 (p > 0.05)
showed that the size difference at day 9 was not significant.

The H3.3K9Il EBs show a significant difference in size, with a p value of < 0.05 on day 6. The
K9l EBs are all significantly larger than all other EBs of each genotype. The K9l EBs without
Dox are much larger than all other EBs in the absence of Dox, whereas all other un-induced
transgenic EBs are approximately the same size as each other and the H3OE (Wild Type)
EB control cells.
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Figure 7 Size analysis of embryoid bodies. Diameters of EBs measured at day 6 and day 9 +/- Dox

using ImageJ
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3.5 It is unclear whether the EBs are differentiating more
or less as a result of the H3.3 transgenes

In order to identify and compare the markers expressed within the embryoid bodies at
different time points throughout the EB assay, RNA was isolated from the EBs at 4 different
time points; day 0, day 3, day 6, and day 9. The RNA was then used to synthesise the cDNA,
via reverse transcription, to be used in the quantitative real time PCR. (RT-gPCR).

The RT-gPCR allowed the analysis of the gene expression profiles of each transgenic H3.3
line (H3OE, H3.3K361/M, and H3.3K9I/M) both with and without induction of the mutations
in order to analyse the effect the induction of the transgenic H3.3 genes had upon the
differentiation ability of the EBs, by measuring the expression of markers of pluripotency over
the period of the assay.

The gPCR was performed by using the fluorescent DNA binding dye SYBR green, in order
to use the changes in the amount of fluorescence produced to calculate the relative
expression of the pluripotency markers Oct4, Sox2 and Nanog in comparison to the house
keeping gene Actin. The relative expression levels of the genes investigated were calculated
using the 2-22°T method, using the Ct values of the gene of interest and the house keeping
gene. The relative expression of all genes was normalised to day O, since that is the time
point at which the cells are the least differentiated, and are still in the pluripotent state (i.e.
still MESCs).The assay was repeated 3 times.

Figure 8 shows the relative expressions of the pluripotency markers Oct4, Sox2 and Nanog
normalised to Actin, for each transgenic H3.3 line, over the course of 9 days. Figure 8 A
shows the negative control; the H3.3 overexpression line both with and without Dox. The
graph shows what appears to be an initial three-fold increase in the relative expression of
Oct4, and a two-fold increase in Nanog expression for both the induced and un-induced lines
at day 3, and a slight decrease in the relative expression of Sox2 in the un-induced line. The
relative expression levels of all genes can then be seen to drop by day 6 in both the induced
and un-induced lines, with a marginally smaller decrease in expression of the 3 genes in the
induced line. By day 9, the expression levels of all of the genes appears to increase again,
more so in the un-induced line.

Figure 8 B shows the H3.3K36I line. At day 3, a slight increase in the relative expression of
Oct4 can be seen in both the induced and un-induced lines, whereas the expression of both
Sox2 and Nanog appear to drop to half of the starting expression level, in both conditions.
Day 6 —Dox appears to show a complete loss in expression of the pluripotency markers, and
day 6 +Dox shows only a marginal reduction in the relative expression for all 3. The
expression levels appear to increase again at day 9 for Sox2 in the un-induced line, and for
all 3 markers in the induced line.

Figure 8 C shows the H3.3K36M line, with a general trend of a large reduction in the
expression of all three markers by day 6, and a subsequent smaller increase after day 6. At
day 3, the relative expression of Oct4 increases by 0.5 fold in the un-induced line, and 2.5
fold in the induced line. The relative expression for the other two markers decrease slightly
in both lines. Day 6 shows the loss of pluripotency in the un-induced line, a small decrease
in the expression levels of Sox2 and Nanog, and a large decrease in the expression of Oct4.

40



At day 9, the relative expression of all three markers increases; a negligible increase in the
un-induced line, and a larger increase in the induced line, almost returning to the level seen
at day 0 for Sox2 and Nanog. Oct4 expression marginally increases.

Figure 8 D shows the H3.3K9I line. The general trend in the relative expression for all three
markers is a decrease in the expression levels until day 6, and a slight increase in the
expression of Sox2. Day 3 shows a large reduction in the relative expression of Sox2 in the
un-induced line, a smaller reduction in the Sox2 expression can be seen in the induced line.
The expression of Oct4 and Nanog both drop in both conditions; the largest decrease is in
the level of Nanog expression in the induced line. There is an overall larger reduction in
relative expression of all three markers in the induced line at day 3. Day 6 shows a loss of
expression for all three markers in the un-induced line, and a marginally higher level of
expression of the three markers in the induced line. Day 9 shows a slight increase in the
relative expression of Sox2 in the un-induced line, and a larger increase in the induced line.
Figure 8 E shows the H3.3K9M line. The general trend in the relative expression is the initial
loss in expression of all three pluripotency markers by day 6, and a subsequent increase in
relative expression after day 6. Day 3 shows a very slight drop in Oct4 expression in the un-
induced line, and a reduction of ~0.75 fold in Sox2 and Nanog when un-induced. ~0.75 fold
decrease in Oct4 and Sox2 expression is seen at day 3 in the induced line, and the largest
reduction in expression is Nanog in the induced line. Day 6 shows an almost complete loss
in all three markers in the un-induced line, a small drop in Oct4 expression in the induced
line, and a marginal increase in relative expression of Sox2 and Nanog in the induced line.
There is an increase in all three markers after day 9 in both the induced and un-induced line.
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Figure 8 gPCR analysis of the relative expression of the pluripotency markers Oct4, Sox2 and Nanog

in EBs cultured +/- Dox, over a period of 9 days.
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4 Discussion

The aim of this investigation was to determine the effect on pluripotency of the substitution
of amino acids at critical positions within the tail of histone H3.3. The lysine 9 (K9) or lysine
36 (K36) in the tail of the histone variant H3.3 were substituted in murine embryonic stem
cells for either methionine or isoleucine, producing 4 different cell lines; H3.3K36l,
H3.3K36M, H3.3K9I, and H3.3K9M (see Table 2 section 2.1 of Materials and Methods).

As discussed in the introduction of this paper, a high percentage of certain cancers, such as
chondroblastomas, giant cell tumour of bone, and paediatric gliomas (DIPGs and GBM),
were found to express mutations in the genes encoding the histone variant H3.3. These
mutations resulted in amino acid substitutions at critical locations in the histone tail*=3.
These mutations were shown to cause a global reduction in di- and tri-methylation of both
the residues which had been mutated, and of the non-mutated wild-type residues throughout
the cells, along with a moderate increase in the acetylation of these same residues.

Due to the similarities in characteristics between cancerous cells and pluripotent cells
(outlined in the introduction, section 1.2), this investigation was undertaken to assess
whether there may be a link between these K-to-I/M substitutions in histone H3.3 and
pluripotency.

In order to analyse the effect of these substitutions on pluripotency, a variety of experiments
were performed using mMESCs expressing the different transgenic histone H3.3; self-renewal
assays were used to assess whether or not the transgenic mESCs were held in the
pluripotent state after being cultured in conditions designed to induce differentiation.
Differentiation potential of the transgenic cells was measured by growing embryoid bodies
(EBs) from the cells, and analysing their gene expression profiles over various time points
by using RT-gPCR.

4.1.1 Expression of transgenic histone H3.3 reduces the tri-
methylation of lysine residues 36 and 9

Immunostaining of Western Blots performed on the mESCs expressing one of the transgenic
histone H3.3 (H3.3K36l, H3.3K36M, H3.3K9I, or H3.3K9M) showed that these mutations are
having the same effect upon the tri-methylation of H3.3K36 and H3.3K9, respectively, as
previously demonstrated by Lewis et al in their study of the substitution of H3.3K27 with
isoleucine or methionine?.

As shown in Figure 2 (results section 2.8), the substitution mutations H3.3K361/M and
H3.3K9I/M globally wipe out the tri-methylation marks on H3.3K36 and H3.3K9, respectively.
This loss of tri-methylation suggests a similar mechanism as outlined in the case of the
H3.3K27M. It was shown that upon interaction of the K27M peptides with the EZH2 active
site of the PRC2 complex, a conformational change occurred within the complex, thus
preventing its detachment from the mutated peptide, and subsequently preventing the
methylation of downstream H3.3K27 residues®. Lewis et al also demonstrated that histone
H3.3K9M peptides inhibited recombinant histone H3.3K9 methyltransferases SUV39H1 and
G9a?, and argued that SET-domain inhibition is the likely cause of the reduction of di- and
tri-methylation of H3.3K9 in H3.3K9M expressing cells.
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Figure 2 also shows that there seems to be some cross talk between both the mutation of
both residues (K36 and K9) and the methylation (or rather the subsequent loss in
methylation) on the other residue, along with the expected loss of methylation on the
substituted residue. This is shown by the immunoblot for the H3.3K361 and M expressing
cells, where a slight reduction in H3.3K9me3 can be seen as well as the total loss of the
H3.3K36me3. Additionally, this effect is also shown by the immunoblot for H3.3K9l and M
expressing cells, where a reduction in H3.3K36me3 is seen as well as the loss of
H3.3K9me3.

This result contrasts the data obtained from Chao Lu et al**®, whose work demonstrates that
the expression of the H3.3K36M transgene also appeared to cause an increase in
H3.3K27me2/3 in various cell types. H3K27me3 and H3K36me2/me3 are rarely seen to co-
exist on the same histone H3 polypeptide. H3 histones that are un-methylated at K36 are
usually methylated at K27. This suggests that there is crosstalk between the methylation of
H3K27 and H3K36 in vivo'®’. Pre-existing H3K36me inhibits H3K27me via PRC2 in vivo.
The suggested cause of this concomitant increase in H3.3K27me2/3 is that the methylation
of H3K36 and H3K27 negatively regulate each other'®’. Thus the K36M-mediated loss of
H3.3K36 methylation could result in the lack of negative regulation upon the methylation of
H3K27, resulting in an increase in H3K27me upon the loss of H3K36me. Also, Caho Lu et
al suggest that the loss of methylation on H3K36 provides new nucleosomal substrates for
PRC2, since H3K36me2/me3-containing nucleosomes are poor substrates for PRC21%,

4.1.2 Self-renewal ability is not maintained by the expression of
transgenic histone H3.3

Self-renewal ability of mMESCs expressing the transgenic H3.3 was assessed by performing
a self-renewal assay on cells, under various culture conditions. The culture conditions were
designed to stress the mESCs towards differentiation by growing the cells at a clonal density,
without MEFs, and without LIF. Alkaline phosphatase staining was used to identify the
number of cells which had remained in the pluripotent state after several days of culture.

The H3 overexpressing (H3 OE) mESCs were used as a negative control in order to
ascertain that it is not the overexpression of the Histone H3 which is causing any potential
effects on the cell’'s behaviour. It has previously been shown in the yeast Saccharomyces
cerevisiae that excess levels of histones can cause severe side effects within a cell, such as
excessive chromosome loss, resulting in genomic instability, higher sensitivity to DNA
damaging agents, and cytotoxicity**®. Other investigations found that the overexpression of
histone H3 interferes with the deposition of the histone H3 variant CENP-A, which is
centromere specific, causing a loss in chromosome-phenotype®®®14°, In this investigation,
the H3 OE cells did not seem to cause any adverse effects upon the cells when the
overexpression was induced; Figure 4 A showed no significant difference in the number of
alkaline phosphatase (AP) positive cells in the presence of LIF, and with or without Dox.
Upon the removal of LIF, there were very few colonies which were stained positive for AP
both with and without Dox. This clearly demonstrates that the overexpression of Histone H3
is having no effect upon the cells in terms of differentiation, and so any differences in cell
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behaviour when the histone H3.3 K36 or K9 transgenes are expressed can be accredited to
the effect of the substitution of the K36 or K9 with | or M.

Nanog overexpressing (Nanog OE) mESCs were used as a positive control. Nanog was
selected for this purpose as it is known that Nanog expression is crucial to the pluripotent
state. The prediction was that the overexpression of Nanog would be sufficient in order to
hold the cells in the pluripotent state. Thus Nanog was selected to ensure that the assay
was working. Figure 3 shows that the Nanog OE indeed has a strong effect, as it is the only
line which holds the mESCs in a pluripotent state after the removal of LIF from the culture
media.

Figure 4 B shows a higher number of AP positive cells in the presence of LIF and Dox (when
Nanog is over expressed) in comparison to those without Dox (without Nanog
overexpression). A significant difference can be seen in the absence of LIF; the
overexpression of Nanog holds almost as many cells in the pluripotent state as seen in the
presence of LIF without the Nanog OE (+LIF —Dox). In the absence of both LIF and Dox, no
colonies are positive for AP, which shows that the removal of LIF causes mESCs to
differentiate.

MESC colonies expressing the H3.3 transgene did not remain in a pluripotent state. Very
few AP colonies can be observed in the absence of LIF in the mutant cell lines, as shown in
Figure 4 C-F. In fact, the mutations seem to be having the opposite effect, since it can be
seen that there are fewer AP positive colonies in the lines in which the mutations had been
induced (+Dox), even in the presence of LIF.

This could suggest that the K-to-I/M substitutions are driving more rapid differentiation in
these cells. However, it could be that the transgenes are potentially effecting the cell cycle
in some way, such as by reducing the speed of the cell cycle and proliferation of the
transgene-expressing cells.

One additional interesting observation is that during the course of the assay, the colonies
formed by the K9M cells in the presence of Dox appeared flatter and sparser than the other
colonies. The amount of dead cells floating in the media each day appeared to be larger
than that of the other cell lines, however this was not quantified. These results could suggest
that the KOM substitution has a cytotoxic effect upon the mESCs expressing the mutation,
rather than causing an increase in the differentiation.

4.1.3 H3.3K9M does not seem to have a cytotoxic effect on mESCs

Due to the observed unusual physical appearance of the H3.3K9M colonies produced during
the self-renewal assay, and the possible larger number of dead cells present floating in the
media, and apoptosis assay was performed on this cell line. In order to assess whether the
H3.3K9M substitution was having a cytotoxic effect on these cells, Annexin V staining was
used to measure the number of apoptotic cells after 6 days of culture under the same
conditions as the self-renewal assay. The results of the Annexin V staining were analysed
by flow cytometry (Figure 5).

The results of the Annexin V stain revealed no difference in the number of apoptotic or dead
cells in the induced H3.3K9M line, in comparison to the un-induced H3.3K9M line and the
negative controls of un-induced and induced H3OE lines. The populations of apoptotic (PE
positive) and dead (DAPI positive and PE positive) cells were all the same size for both cell
lines, whether induced or un-induced. However, the experiment was only performed one
time, and would need to be repeated at least two more times in order to confirm these results.
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There were some abnormalities seen in the results; when induced by Dox, the entire cell
populations for both cell lines, H30E and H3.3K9M, appear to shift to the right of the graph,
resulting in the populations appearing one log higher on the DAPI axis than the un-induced
populations (-Dox). The reason for this shift is unclear and is most likely a result of a technical
error at some stage of the experiment or data processing.

There also seems to be an upward shift in PE negative cells in the samples which were
stained with the Annexin-PE. This can be seen upon comparison of samples stained with
Annexin-PE with the unstained cells (Figure 5 A, C), which shows the unstained cell
population to be lower on the Annexin-PE scale than the negative population on the graphs
in which PE had been added to the samples (Figure 5 B, D, E, F, G and H). This most likely
means that the Annexin is binding non-specifically.

4.1.4 gPCR analysis did not produce any concrete findings

Analysis of the expression of the pluripotency markers Oct4, Sox2, and Nanog in EBs over
four time points did not answer the question of whether the EBs were differentiating more or
less when expressing the transgenic H3.3 variants. The gPCR data (Figure 8) does show a
general decrease in the relative expression of all three markers until day 6, suggesting the
differentiation of the EBs. On average, it appears that across all of the transgenic EBs, there
is marginally less differentiation occurring in the EBs in which the transgenes are expressed
(+Dox). However, the data does not appear to be consistent or reliable, considering the
expression levels appear to increase again after day 6. After comparing the trends of the
changing relative expression to the Crvalues of the house keeping gene Actin, which were
used in the calculation of the relative expression of the pluripotency markers, there is an
explanation for the unusual appearance of the data trend. The Crvalues for Actin expression
are inconsistent across the time-points in every line, with the values initially increasing, and
then decreasing. Some of the values reached above 27, which should not be the case. Since
the Crvalues for Actin were going up and down, this would explain the unexpected decrease
and increase in relative expression of the genes of interest. Since the same results was
obtained when GAPDH was used as the reference gene, the most likely explanation for the
unusual changes in the expression levels of all of the genes is not that the relative expression
levels of Sox2, Oct4 and Nanog are going, rather that there was low sample mMRNA material.
A low amount of mRNA would cause an increase in the Cyvalue, as it would take more PCR
cycles to reach the Crthreshold. Since the pluripotency markers were all normalised to Actin,
it would appear that the markers were coming up in expression leve.Is again. One thing to
note in relation to the re-increase in Sox2 expression levels is that it was expected that Sox2
expression would come up again upon differentiation of the EBs, since Sox2 is expressed in
neural progenitor populations4:,

It would definitely be necessary to repeat all of the EB assays and the gPCR, to obtain better
sample material, and also select more housekeeping genes, such as HMBS
(hydroxymethylbilane synthase), or B-ACT (B-actin), since some may change upon
differentiation of the cells.
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4.1.5 Reprogramming Assay

Unfortunately, none of the MEFs derived from the OKSM/H3K36M/rtTA cross had the
desired genotype of containing all three inserts, so the reprogramming assay could not be
performed.

4.1.6 Findings from this investigation in the context of cancer

Although the acetylation state of the residues studied in this investigation were not assessed,
it can be assumed, due to findings throughout the relevant literature, that the reduction of
the methylation of H3.3K36 and H3.3K9 resulted in a concurrent increase in the acetylation
of the same residues. It has been observed that histone acetylation might prevent the folding
of nucleosomal arrays into more complex structures that would otherwise be inhibitory 7475,
It could thus be deduced that the decrease in methylation as a results of these substitution
mutations, and subsequent increase in acetylation, could cause a removal of complex
nucleosomal arrays which control the repression of tumorigenic genes, resulting in the
formation of the tumours observed in previous investigations into the mutation of histone
variant H3.3.
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