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Abstract 
 

This thesis addresses two distinct aspects of chromatin regulation in vivo in mice; the chromatin 

remodeler HIRA and the heterochromatin binding protein HP1γ. 

 

To date, H3.3 has been largely studied in vitro and reported to be enriched at promoters, bodies 

of active genes and some regulatory elements throughout the cell cycle by its chaperone HIRA 

and has been described as an ‘active mark’ for transcription. Moreover, H3.3 is also targeted 

to telomeric and pericentric heterochromatin regions by the DAXX/ATRX complex. However, 

the in vivo function of H3.3 in mammalian systems is still largely unknown.  

 

In this thesis, we showed that in the HIRA KO compared to WT, there was an apparent 

abnormal presence of a memory T cell population in the mouse thymus indicated by CD44 

expression on CD4 and CD8 single positive T cells, and an increased population of CD44 

expressing cells in the lymph node and spleen. Thus, either CD44 gene expression is directly 

affected by HIRA KO or the T cell differentiation program is altered or both. Moreover, TCRα 

V(D)J recombination seems to be impaired by HIRA KO. This might imply that HIRA 

chromatin remodeling or the presence of H3.3 might be important for TCR recombination. 

 

Recently the importance of Heterochromatin Protein 1 γ (HP1γ) in regulating sex differences 

was demonstrated in our lab. In this thesis, sex dimorphism in proliferation was investigated 

and we showed that male embryonic fibroblasts (MEFs) proliferate faster than female MEFs, 

which is consistent with previous observations that the embryonic growth rate is higher in male 

compared with female mammals. HP1γ KO completely abolished the sex difference in 

proliferation. To determine whether this sex-regulatory effect of HP1γ was a more general 

phenomenon, recently, RNA-seq analysis was performed in the lab on both male and female 
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MEFs, with or without HP1γ. Strikingly, males showed a higher dependency on HP1γ in 

maintaining their normal gene expression profile compared to females. RNA splicing analysis 

of the RNA-seq data suggested that the sex difference in gene expression was not a result of 

difference in splicing and vice versa. Similarly, HP1γ KO exerted a bigger impact in males in 

terms of alternative splicing where there are many more genes found to be alternatively spliced 

upon HP1γ KO in males than females. This was consistent with the results of Mass 

Spectrometry following pulldown of MEF-derived proteins with HP1γ antibody which 

revealed splicing factors in the male but not the female samples. Consistent for a role for HP1γ 

in regulating sex dimorphism in alternative splicing, HP1γ KO ameliorated this dimorphism.   

 

The emerging evidence of an activating role of HP1γ in euchromatin brings the possibility that 

HP1γ and HIRA/H3.3 may interact to regulate gene expression in euchromatin. Especially with 

the recent observation in our lab that shows co-localization between HP1γ and H3.3 in MEFs 

by co-immunoprecipitation.  

 

Therefore, it is important to further investigate the interaction of HP1γ with H3.3 and the role 

of HP1γ as a key epigenetic modifier in defining sexually dimorphic gene expression in males 

and females and its role in cellular proliferation in order to shed light on the largely unexplained 

sex bias previously reported in normal physiology and diseases.  
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that are differentially spliced upon HP1γ KO in females. 

Fig 4.3.7. Schematic diagram showing the overlap between genes that are sexually dimorphic 

in alternative splicing and genes that are differentially spliced upon HP1γ KO in males 

compared to WT females.  
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Fig 4.3.8. Schematic diagram showing the overlap between genes that are sexually dimorphic 

in alternative splicing and genes that are differentially spliced upon HP1γ KO in females 

compared to WT males. 

Fig 4.4.1. ChIP-seq profiles of HP1γ enrichment on Msn gene on Xa chromosome in HCT116 

cells and immortalized MEFs.  

Fig 4.4.2. ChIP-seq profiles of HP1γ enrichment on Msn gene on both Xa and Xi chromosomes 

in HCT116 cells and immortalized MEFs.  

Fig 4.4.3. ChIP-seq profiles of HP1γ enrichment on Zfx and Eif2s3x genes in HCT116 cells 

and immortalized MEFs. 

Fig 4.5. Cell cycle arrest by Cdkn2a. 
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Fig S4. FACS plots showing different T cell marker expression in different cell population in 

mouse thymus, lymph node and spleen.  
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checking size and quality of ChIP sequencing library.  

Fig S8. Cell-cycle analysis as assessed by PI staining using flow cytometry (FACS)  

Fig S9. FACS plots showing CD4, CD8, CD71 and EGFP expression during CD71 cell sorting. 

Fig S10. Gene expression level of Cdkn2a in original RNA-seq samples.  

Fig S11. List of genes with either higher expression in WT male compared to WT female or 

vice versa in MEFs. 

Fig S12. Average profile plot for H3.3B-EGFP enrichment of genes grouped into four tiers by 

expression level in HP1γ WT and HOM MEFs.  

Fig S13. Schematic diagram showing the model of the regulation of CD44 splicing by 

H3K9me3 and HP1γ. 

Fig S14. List of genes of which alternative splicing was sensitive to HP1γ KO in males and 

females respectively.  

Fig S15. Genes that were equalized with respect to SE between the sexes in males and genes 

that acquired difference between the sexes in females with respect to SE upon HP1γ KO. 

Fig S16. Relative enrichment of H3.3 on Gapdh, Pdx1 and Neurod6 genes in HIRA WT and 

HIRA HOM CKO thymocytes as revealed by ChIP. 
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Chapter 1 - Introduction 
 

1.1 Epigenetics 

The term ‘epigenetics’ was introduced by Conrad Waddington who defined it as the 

interactions between the environment and the genes that leads to the development from 

genotype to phenotype (Waddington, 1940). Nowadays, epigenetics is generally accepted as 

the study of heritable changes in gene function without changing in DNA sequence (Wu and 

Morris, 2001). Epigenetic changes are initiated and maintained by three systems: covalent 

modifications of DNA bases (DNA methylation), posttranslational modifications of the amino-

terminal tail of histones and small regulatory RNAs-associated gene silencing (Egger et al., 

2004). The epigenome for each cell is distinct, which give rise to cellular differentiation under 

a common genome. Disruptions of the ‘epigenome’ have been associated with cancer, 

neurological disease, autoimmune disorders and imprinting disorders (Moosavi and 

Motevalizadeh Ardekani, 2016). In this thesis, different epigenetic factors and their roles in 

gene regulation will be described and discussed.   
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1.2 Chromatin organization  

Development of specific cell types requires activation and repressing of specific genes in a 

highly coordinated manner. The way genes are packaged in chromatin sets up the cell-type 

specific epigenome facilitating differentiation of cells for specific functions. To accommodate 

a large amount of genetic material, DNA is packed with core histone proteins into a condensed 

structure called chromatin (Alberts B, 2002a). The dynamic structure of chromatin not only 

can condense the DNA in the nuclear compartment, but also compact the DNA for mitosis and 

meiosis and regulates gene expression. Nucleosomes are the basic subunit of chromatin and 

consist of 147bp DNA wrapped in 1.7 negatively supercoiled turns around the nucleosome core 

particle comprised of two H3–H4 and two H2A–H2B histone dimers (Hubner et al., 2013) (Fig 

1.1). Nucleosomes are separated from each other by 10–80 bp linker DNA associated with 

linker histone H1 (Felsenfeld and Groudine, 2003). The binding of linker histone H1 to the 

entry/exit sites of DNA on the surface of the core particle can further compact chromatin 

structure into a higher-order transcriptionally inactive 30nm fiber from the smaller “beads on 

a string” fibers of approximately 10-11nm (Jiang and Pugh, 2009). This 30nm fiber contains 

6–11 nucleosomes per turn which has been proposed to progressively form even higher order 

chromatin fibers in interphase (Belmont and Bruce, 1994), and larger fibers of 100–200 nm 

chromonema structure in mitotic chromosomes (Rattner and Lin, 1985, Widom and Klug, 

1985). Each core histone protein has an unstructured amino-terminal (N-terminal) polypeptide 

‘tail’ sticking out from the nucleosome core which allows a diversity of post translational 

modifications (PTMs) to happen (Loyola and Almouzni, 2007). The existence of a large variety 

of PTMs and multiple H1 subtypes brings about a considerable degree of complexity to the 

chromatin.  
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Fig 1.1. Schematic diagram of chromatin organization. Genomic DNA is packed in the nucleus by 

wrapping around the nucleosomes and forms a ‘beads on- a-string’ organization. Linker histone H1 

assists further compaction which is thought to trigger formation of the 30nm fiber. Heterochromatin is 

formed by fiber-fiber interaction. This figure is adapted with permission  from “Role of epigenetic 

modifications in acute promyelocytic leukemia” Raffaella Villa (Villa, 2009). 

  

 

1.2.1 Euchromatin and Heterochromatin  

Chromatin of two distinct structures was first described on the basis of cytogenetic 

observations that ‘heterochromatin’ in the nucleus remained condensed whereas ‘euchromatin’ 

underwent cycles of condensation and de-condensation throughout the cell cycle (Straub, 

2003). They are located in distinct environments from a chromatin point of view (Bannister 

and Kouzarides, 2011). These two types of chromatin show different organizations and features 

which contribute to the various influences on gene regulation. The euchromatin is a relatively 

“open” environment which contains most of the active genes and undergoing “rise and fall” 

changes during cell cycle (Alberts B, 2002b).  In contrast, heterochromatin, such as 

centromeres and telomeres, are relatively more compact structures. Placement of genes near to 
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these regions as a result of chromosomal rearrangement or insertion results in their silencing. 

This position effect variegation (PEV) phenomenon was first observed in Drosophila (Muller, 

1930). Nucleosome turnover is a highly dynamic process and the turnover rate differs across 

the genome that are likely to have functional importance for epigenome maintenance, gene 

regulation, and control of DNA replication by chromatin modifications, chromatin remodelers, 

histone chaperones and histone variants during transcription (Venkatesh and Workman, 2015).  

 

Euchromatin, which is actively transcribed, possesses a higher nucleosome turnover rate 

compared to heterochromatin which is highly compacted and inaccessible (Dion et al., 2007, 

Deal et al., 2010, Rufiange et al., 2007). In multicellular organisms, two distinct 

heterochromatic environments have been defined: Facultative heterochromatin (fHC) and 

Constitutive heterochromatin (cHC). cHC contains permanently silenced genes located at 

regions such as the centromeres and telomeres. It is always characterized by relatively high 

levels of H3K9me3 and HP1α/β (Trojer and Reinberg, 2007). fHC are genomic regions 

containing genes that are differentially expressed through development and differentiation. 

Like cHC, fHC is also transcriptionally silent but retains the potential to interconvert between 

heterochromatin and euchromatin. One example of fHC is the inactive X chromosome in 

female that becomes active when it is passed on to male child and this temporarily inactive 

fHC is called Barr body (Priyadharscini and Sabarinath, 2013).  

 

Euchromatin is usually marked by the presence of active post-translational histone 

modifications such as histone H3 lysine 4 trimethylation (H3K4me3) and histone H3 lysine 9 

acetylation (H3k9ac) (Bannister and Kouzarides, 2011). By contrast, heterochromatin is gene 

poor and genes within this region are frequently repressed by silencing histone marks including 

histone H3 lysine 9 trimethylation (H3K9me3) and histone H3 lysine 27 trimethylation 
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(H3K27me3) (Bannister and Kouzarides, 2011). A schematic illustration of comparison 

between euchromatin and heterochromatin including the major features possessed by two 

chromatin states is showing in Fig 1.2.  

 

 

 

EUCHROMATIN HETEROCHROMATIN 

Low DNA density High DNA density 

Gene rich Gene poor 

Actively participate in transcription Little or no transcriptional activity 

Loosely coiled Compactly coiled 

Early replicative Late replicative 

Genetically active Genetically inactive 

Hypomethylated DNA Enriched DNA methylation 

Acetylation on H3/H4 Hypoacetylation on H3/H4 

Methylated on H3K4 Methylated on H3K9 and H3K27  

 

Fig 1.2. Schematic diagram demonstrating the organisation of Euchromatin and 

Heterochromatin. Euchromatin is characterised by its relatively open structure 

whereas heterochromatin is tightly compacted in the nucleus. The two forms of chromatin show distinct 

epigenetic profile features. Key features of each form of the chromatin is summarised in the table below 

the diagram. This figure is adapted with permission  from “Heterochromatin and Euchromatin” Joel 

C Eissenberg and Sarah CR Elgin (Eissenberg, 2014) 
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1.3 The “epigenetic code” - Histone Modifications 

Position effect variegation (PEV) occurs when a gene is abnormally close to a block of 

heterochromatin which results in gene silencing in a proportion of the cells that would normally 

express it. PEV has been intensely studied in Drosophila on the white gene (Girton and 

Johansen, 2008). A diagram of PEV in Drosophila is shown in Fig. 1.3.1. This phenomenon is 

highly conserved from Schizosaccharomyces pombe (S. pombe) (Allshire et al., 1994) to 

mammals (Festenstein et al., 1996, Festenstein et al., 1999). Extensive screenings for dominant 

mutations that suppress or enhance white variegation in Drosophila have identified many 

conserved epigenetic modifiers, including the histone H3 lysine 9 methyltransferase 

SU(VAR)3-9 and heterochromatin protein HP1 (Elgin and Reuter, 2013). HP1a binds 

H3K9me2/3 and interacts with SU(VAR)3-9 at pericentric heterochromatin leading to the idea 

of a “histone code” in the core memory system (Elgin and Reuter, 2013). A similar system 

operates at fHC to silence homeobox (hox) genes in Drosophila Polycomb (Pc) where the 

Polycomb chromodomain (CD) also recognizes a histone methylation mark, in this case, 

H3K27me3 (Bernstein et al., 2006, Fischle et al., 2003, Kassis et al., 2017).  
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Fig 1.3.1. Model of Position effect variegation (PEV) in Drosophila. In the chromosome, there is a 

barrier that marks the euchromatin-heterochromatin boundary. When a new euchromatin-

heterochromatin junction is created because of the inversion, it lacks a boundary, and some of the 

euchromatin, including that containing the white gene, becomes heterochromatic and transcriptionally 

inactivated and hence the variegated red eye color in a proportion of cells in Drosophila eye. This 

figure is adapted with permission from 

http://www.discoveryandinnovation.com/BIOL202/notes/lecture18.html 

 

 

 

The “Histone code” hypothesis has been used to describe the consequences of different PTMs 

brought to enable variable DNA functions (Marino-Ramirez et al., 2005). To date, there are at 

least 8 different histone modifications (acetylation, methylation, phosphorylation, deimination, 

β-N-acetylglucosamine, ADP ribosylation, ubiquitylation and sumoylation, histone tail 

clipping and histone proline isomerization) (Bannister and Kouzarides, 2011) (Fig 1.3.2).  
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Fig 1.3.2. Different classes of histone modifications (PTMs) identified on histone variants. The 

functions that have been associated with each modification are shown in the table. This figure is 

adapted with permission  from “Chromatin modifications and their function” Kouzarides T. 

(Kouzarides, 2007) 

 

 

The chromatin-modifying enzymes that catalyze major PTMs involve histone acetyl 

transferases (HATs), histone deacetylases (HDACs), kinases, phosphatases, and histone lysine 

methyltransferases (HKMT). These enzymes can be recruited to target sites by sequence-

specific DNA-binding transcription factors or more general features of the DNA such as its 

global CG content and DNA methylation status which can be read by the DNA-binding Zn-

finger CxxC domain present in many chromatin-modifying enzymes (Voo et al., 2000). In 

reverse, factors associated with the transcriptional machinery can directly lead to the 

Chromatin 

Modifications 

Residues 

Modified Functions Regulated 

Acetylation K-ac Transcription, Repair, Replication, 

Condensation 

Methylation (lysines) K-me1 K-me2 K-

me3 

Transcription, Repair 

Methylation (arginines) R-me1 R-me2a R-

me2s 

Transcription 

Phosphorylation S-ph T-ph Transcription, Repair, Condensation 

Ubiquitylation K-ub Transcription, Repair 

Sumoylation K-su Transcription 

ADP ribosylation E-ar Transcription 

Deimination R > Cit Transcription 

Proline Isomerization P-cis > P-trans Transcription 
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accumulation of specific marks such as H3K4me3 and H3K36me3. HDACs and HATs acts in 

the opposite way, which catalyze the removal and adding of acetyl groups of lysine residues 

respectively. There are two major classes of HATs: type-A and type-B. The type A are nuclear 

HATs and type-B HATs are predominantly cytoplasmic which only acetalize free histones but 

not those already deposited into chromatin (Bannister and Kouzarides, 2011). Like histone 

acetylation, the phosphorylation of histones is highly dynamic and controlled by kinases and 

phosphatases that perform addition and removal of the phosphate group respectively (Oki et 

al., 2007). Phosphorylation takes place on serine (S), threonine (T) and tyrosine (Y) residues 

that one mainly located in the N-terminal tails (Bannister and Kouzarides, 2011). Histone 

methylation mainly occurs on the side chains of lysine (K) and arginine (R) residues. Unlike 

acetylation and phosphorylation, histone methylation does not alter the charge of the histone 

protein (Bannister and Kouzarides, 2011). Furthermore, di- or tri-methylation of lysine (K) 

residues and symmetrical or asymmetrical di-methylation of arginine (A) residues add 

additional level of complexity to the chromatin structure and gene regulation (Ng et al., 2009, 

Bedford and Clarke, 2009, Lan and Shi, 2009). 

 

Transcriptionally active and silent chromatin is characterized by distinct histone 

posttranslational modifications (PTMs) or combinations thereof. High levels of lysine 

acetylation on the H3 and H4 tails, trimethylation of H3 lysine 4 and trimethylation of H3 

lysine 36 are found on active genes (Zhang et al., 2015). In contrast, methylation of H3 lysine 

9 and methylation of H3 lysine 27 and hypoacetylated forms of H3 are generally enriched at 

transcriptionally silent regions (Loyola et al., 2006) but H3K9me3 has also been suggested to 

be associated with some transcribed active genes (Vakoc et al., 2005).  Lysine 9 has been 

shown to be the only lysine residue that pre-existed before chromatin assembly. The H3.1 and 

H3.3 show distinctions in K9 modifications.H3.1 contains more K9me1 whereas, H3.3 
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presents other modifications including K9/K14 diacetylated (Ac/K9 and K14) and K9me2 

(Loyola et al., 2006). This is important as it defines when PTMs are imposed and also affect 

PTMs occurrence. For instance, although H3k9me3 was not found on both H3.1 and H3.3 prior 

to deposition, those pre-existed modifications on H3 variants can enhance the action of 

Suv39HMTase to produce H3K9me3 as found in pericentric heterochromatin after chromatin 

assembly (Loyola et al., 2006).  This observation implicates that initial modifications on 

histone variants before assembly influence the final PTMs within chromatin. 

 

We now know that histone modifications not only regulate chromatin structure by merely being 

there, but they can directly influence chromatin structure. For instance, acetylation on lysine 

residues can reduce the positive charge of histones, hence weakening their interaction with 

negatively charged DNA and increasing nucleosome fluidity (Workman and Kingston, 1998). 

Moreover, different modifications can cross-talk with each other (Bannister and Kouzarides, 

2011) and PTMs could function as a signal platform to recruit chromatin modifiers to local 

chromatin, which determine the functional outcome of certain PTMs (Yun et al., 2011). An 

illustration of different histone modifications and different type of cross-talks between them is 

showing in Fig 1.3.3. The cross-talk provides an added level of complexity which helps to fine-

tune the overall control. For example, HP1 binds to H3K9me2/3 in heterochromatin, but during 

mitosis, phosphorylation of serine 10 on histone H3 ejects HP1 from chromatin which allows 

condensins to access chromatin to promote mitotic chromatin condensation (Fischle et al., 

2005, L Dormann et al., 2007). Moreover, PTMs cross-talk allows effective conversion from 

phosphorylation-based signals to acetylation-based actions in response to cellular stimuli 

(Yang and Seto, 2008). To conclude, distinct histone variant performs unique function in 

addition to their role in DNA packaging by two possible mechanisms: (1) Switching the 
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chromatin structure into an ‘active’ or ‘silencing’ state. (2) Providing a docking site for 

recruiting chromatin modifiers to chromatin (Turner, 2002, Jenuwein and Allis, 2001).  

 

 

 

Fig 1.3.3. Schematic diagram showing different histone modifications (PTMs) and histone 

modification cross-talks. Histone modifications can positively or negatively affect each other. Positive 

effects are indicated by arrow head and negative effects are indicated by flat head. This figure is 

adapted with permission  from “Regulation of chromatin by histone modifications” Andrew J 

Bannister1 and Tony Kouzarides. (Bannister and Kouzarides, 2011) 
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1.4 Heterochromatin Protein 1 (HP1) Superfamily 

1.4.1 Introduction into HP1 

 

Heterochromatin protein 1 (HP1) was originally identified in Drosophila melanogaster as a 

heterochromatin associated protein and acts as a dosage-dependent modifier of position effect 

variegation (PEV) (Eissenberg et al., 1990) (see Section 1.3). It is required for heterochromatin 

formation and gene silencing (Ryu et al., 2014). HP1 belongs to a highly conserved family of 

chromatin proteins, with homologues that are found in almost all eukaryotes from fission yeast 

(Swi6, Chp2 and Chp1) to humans (HP1α, HP1β and HP1γ) except for budding yeast (Huisinga 

et al., 2006, Singh et al., 1991). The genomic structure of genes encoding HP1 protein is 

conserved from Drosophila to humans in that they all contain five exons separated by four 

introns. In Drosophila, genes encoding HP1 proteins are known as Su(var)2-5 and in mouse 

and human, they are named as (Cbx5, Cbx1 and Cbx3) and (CBX5, CBX1 and CBX3) 

respectively. (Jones et al., 2001, Norwood et al., 2004). A schematic diagram showing the 

conserved genomic structure of murine HP1-encoding gene is in Fig 1.4 (a). Each HP1 isoform 

plays differential roles by interacting with different factors that are involved in different aspects 

of euchromatin and heterochromatin structure and function (Ryu et al., 2014). As showing in 

Fig 1.4 (b), HP1 has two conserved domains, an N-terminal chromodomain (CD) and a C-

terminal chromo shadow domain (CSD), connected by a flexible linker region. CD is a domain 

found in many chromatin-associated proteins that recognizes different histone PTMs (LeRoy 

et al., 2009). CD of HP1 specifically binds to di- and tri- methylated H3K9 (H3K9me2 and 

H3K9me3) (Jacobs and Khorasanizadeh, 2002). CSD is structurally similar to the CD and is 

responsible for HP1 dimerization and its interaction with many other proteins that possess a 

conserved pentapeptide motif, PXVXL (Brasher et al., 2000). HP1 proteins have been shown 

to form homo- and hetero- dimers with each other via their CSD (Nielsen et al., 2001). The 

linker region of HP1 is less conserved and accounts for the most variations in amino acid 
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sequence between HP1 proteins (Lomberk et al., 2006b). CSD has also been found to function 

in nuclear targeting, protein interaction as well as chromatin binding (Smothers and Henikoff, 

2001, Piacentini et al., 2009, Zhao et al., 2000, Nielsen et al., 2001). It is till recently that, in 

Drosophila, the C-terminal extension region (CTE) has been found to be present only in HP1b 

and HP1c but not HP1a in Drosophila (Fig 1.4 b). CTE targets HP1b and HP1c to both nucleus 

and cytoplasm (Lee et al., 2019), which may indicate that the HP1b and HP1c could play a role 

in cytoplasm. 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.4. Schematic diagram showing the structure of HP1 proteins and the genes encoding them. (a) 

The conserved genomic structure of genes encoding HP1 from Drosophila to humans. Each gene is 

made up of 5 exons and 4 introns. ATG start codon and stop codons are indicated. The exons encoding 

the chromo domain (CD) and the chromo shadow domain (CSD) are indicated. Asterisks mark the 

different arrangement in murine Cbx3 (encoding HP1γ), where ATG is in exon 3 and the CD is encoded 

by exons 3 and 4 of this gene. (b) The conserved structure of HP1 proteins. N, amino terminus; C, 

carboxy terminus. CTE (red) specifically in HP1b an HP1c isoforms in Drosophila targets these two 

isoforms to cytoplasm. This figure is adapted with permission  from “The Heterochromatin Protein 1 

family” Gwen Lomberk et al. (Lomberk et al., 2006b)  

 

 

 

The localization and the role of HP1 in heterochromatin environment has been well studied. 

However, several lines of evidence also suggested that HP1 localizes not only to 

heterochromatin but also to euchromatic regions and functions as a gene activator there (Kim 

et al., 2011, Piacentini and Pimpinelli, 2010) . Localization of HP1 protein appears to be 

CTE 
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isoform-specific in both Drosophila and mammals. Drosophila HP1a mainly localizes to 

heterochromatin, while HP1c preferentially localizes to euchromatin and being mostly 

excluded from heterochromatin. HP1b is found both in euchromatic and heterochromatic 

domains (Smothers and Henikoff, 2001, Font-Burgada et al., 2008). In mammals, HP1α and 

HP1β are mainly heterochromatic, whereas HP1γ has been found in both heterochromatin and 

euchromatin (Minc et al., 2000, Huisinga et al., 2006). Localization of mammalian HP1 

homologs only partially overlap and show differential dynamics during differentiation and cell-

cycle progression (Minc et al., 1999, Hayakawa et al., 2003, Dialynas et al., 2007). The 

significance of this localization pattern given by three isoforms is thought to allow HP1 to 

perform multiple functions independently in both heterochromatin and euchromatin. For 

instance, in Drosophila, HP1c has been shown to co-localize with transcriptionally active 

domains of polytene chromosomes which contains zinc-finger containing transcription factors 

and active form of RNA Polymerase II (Pol II) (Font-Burgada et al., 2008) and, in mammalian 

cells, HP1 proteins, in particular HP1γ, have been associated with transcriptional elongation 

(Vakoc et al., 2005, Lomberk et al., 2006a). Therefore, these studies suggest that in addition 

to its function in gene silencing, HP1 also functions as an activator in euchromatin. 

 

 

1.4.2 Introduction into mammalian HP1γ 

 

There are three HP1 homologs named HP1α, HP1β, and HP1γ in mammals (Jones et al., 2000). 

Increasing evidence suggests that the role of HP1 proteins in maintaining genome stability goes 

beyond heterochromatic regions as they has been found to function in gene expression, DNA 

replication, DNA repair, cell cycle, cell differentiation, and development as well (Maison and 

Almouzni, 2004). Previous studies suggested that HP1α and HP1β are predominantly localized 

in foci of constitutive heterochromatin, by contrast, HP1γ shows an indistinct, `pan-nuclear' 
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distribution (Bartova et al., 2005, Horsley et al., 1996, Minc et al., 1999, Nielsen et al., 1999, 

Smothers and Henikoff, 2001). While HP1α and HP1β have been exactly localized in 

heterochromatic regions, HP1γ has been found either exclusively associated with euchromatin 

or present in both euchromatin and heterochromatin (Minc et al., 2000). HP1 proteins initiate 

and maintain the heterochromatin structure through their specific binding both to H3K9me3 

(CD domain) and Suv39h1(CSD domain) (Bannister et al., 2001, Lachner et al., 2001). In 

mammals, studies on Hp1α -/-, Hp1β -/- and Hp1γ -/- MEFs showed that three HP1 isoforms 

have both redundant and distinct functions within pericentric heterochromatin (PCH) and they 

also act globally throughout the genome (Bosch-Presegue et al., 2017). Moreover, by targeted 

knockout (KO) of each isoform, it has been shown that the loss of either HP1α or HP1β did not 

change each other’s levels but increased enrichment of HP1γ was observed in PCH. This 

suggests that HP1γ plays a supporter role for both isoforms (Bosch-Presegue et al., 2017).  

 

Phenotypically, the newborn mice with disrupted Cbx1 gene encoding HP1β exhibit perinatal 

lethality, acute respiratory failure and aberrant cerebral cortex development (Aucott et al., 

2008). In this study, they also mentioned that HP1α wild type and deficient littermates showed 

no phenotypic difference. Of particular interest, mice with HP1-/- null mutation are infertile 

in both sexes (Naruse et al., 2007, Abe et al., 2011) and the chromosomes also exhibited a 

defect in progression of their pairing in early meiotic prophase (Takada et al., 2011). Taken 

together, these studies indicate that HP1γ is playing a role in the genome that cannot be 

compensated by the other two isoforms.  

 

As mentioned before, HP1 has been widely implicated in gene silencing and recognizes the 

heterochromatic histone modification H3K9me3 via chromo-domain (CD). Interestingly, 

Vakoc and his colleagues found it to be present in the transcribed regions of all highly 
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expressed genes (c-kit, IL-2, β-major, Gapdh, GATA-2, c-myc, AHSP, DGKz, and Band 3) 

examined in that study (Vakoc et al., 2005). As both HP1 and H3.3 might be expected to bind 

to highly expressed genes, it is w    orth investigating whether HP1 interacts with H3.3, as this 

interaction might be important for gene regulation (Kim et al., 2011). Moreover, HIRA (H3.3 

chaperone) and HP1 have been found transiently co-localized in promyelocytic (PML) nuclear 

bodies in cells undergoing senescence (Jiang et al., 2011), which indicates that HIRA might 

interact with HP1 in this context. Except for the well-known repression function of HP1γ in 

heterochromatin, HP1γ has been also shown to interact with both initiating and elongating 

forms of RNAPII (Vakoc et al., 2005). The potential co-operation between HP1γ and H3.3 

may directly regulate gene expression by facilitating and stabilizing the transcription 

machinery.   
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1.5 Histone Variants 

1.5.1 Overview 

 

Histones are a major component of chromatin, the basic unit of chromatin is the nucleosome, 

consisting of 147bp DNA wrapped around a core of histone proteins. The protein-DNA 

complex is fundamental to genome packaging, function, and regulation (Kamakaka and 

Biggins, 2005). DNA accessibility is essential for the vital progression of cellular processes 

such as DNA replication, transcription and repair, which requires a highly dynamic chromatin 

and nucleosome structure (Knezetic and Luse, 1986, Teves et al., 2014, Polo, 2015). This can 

be achieved through chromatin-modifiers, the posttranslational modification (PTM) of 

histones, and the incorporation of histone variants. 

There are two classes of histone proteins. One class is named ‘canonical’ histones; they are 

expressed from tandem gene arrays during S phase for rapid deposition onto chromatin during 

DNA synthesis (Henikoff and Smith, 2015, Osley, 1991, Stillman, 1986). They package the 

newly replicated genome and can be replaced with non-canonical histones resulting in changes 

in nucleosome structure, stability, dynamics, and, ultimately, DNA accessibility (Weber and 

Henikoff, 2014). The other one is classified as non-canonical histones (replacement histones), 

which were originally identified as products of histone genes that were synthesized outside of 

S phase (Zweidler, 1984, Tagami et al., 2004). They, in contrast, are constitutively expressed 

throughout the cell cycle and are incorporated into chromatin in a replication-independent 

manner (Skene and Henikoff, 2013). From a structural point of view, histone variants can be 

grouped into homomorphous and heteromorphous families, depending on the extent of their 

structural difference compared to their conventional counterparts (Ausio et al., 2001, West and 

Bonner, 1980). Homomorphous group (H2A.1 and H2A.2; H3.1, H3.2 and H3.3) only harbour 

a small change in their amino acid sequence compared to their conventional counterparts, on 

the other hand, heteromorphous family (H2A.X, H2A.Z, macroH2A (mH2A), H2A Barr body-
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deficient (H2A.Bbd) and centromeric protein A (CENP-A)) contain a big change that affects 

larger portions of the histone molecule (Ausio, 2006).  

In this section, I will firstly introduce the different histone variants in mammals with highlights 

on histone variant H3.3. 

 

 

1.5.2 Introduction into histone variant H3 

 

To date, there are five H3 variants that have been identified in mammals: 1) two canonical 

variants, H3.2 and the mammalian-specific H3.1, and 2) three replacement variants, H3.3, the 

centromere-specific variant CenH3 (CENP-A in mammals) (Allshire and Karpen, 2008) and 

the testis specific histone H3t (Witt et al., 1996). CENP-A in mammals is crucial for proper 

chromosome segregation (Allshire and Karpen, 2008) and H3t is a testis-specific histone 

variant functioning in chromatin reorganization during spermatogenesis (Witt et al., 1996). 

There are two additional primate-specific H3 variants, H3.X and H3.Y identified at a later date, 

which are said to associated with the regulation of cellular responses to stress stimuli, such as 

nutrient starvation (Wiedemann et al., 2010). The sequence alignment and specific features of 

human H3 variants are illustrated in Fig 1.5.1.  
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Fig 1.5.1. Alignment of amino acid sequences corresponding to human H3 variants. The amino acid 

differences are highlighted. H3.1 and H3.2 differences are highlighted in purple, H3t in grey, H3.X and 

H3.Y in yellow, and CENP-A in light blue. The position numbers of amino acids that are different 

between H3.3 and H3.1/2 are indicated. The positions of the N-terminal tail and of the α-helixes of the 

histone-fold motif are shown. This figure is adapted with permission   from “The double face of the 

histone variant H3.3” Emmanuelle Szenker et al., (Szenker et al., 2011) 

 

 

In this section, I will mainly focus on H3.3 to update on discoveries in this area. Regardless of 

the fact that H3.3 was largely considered as a mark of transcriptional activity, some studies in 

several organisms have also revealed the unexpected enrichment of H3.3 at silent chromatin 

loci such as telomeres or centromeres which prompts us to broaden our views concerning the 

role of this variant. Here, the nature, properties and regulated expression of H3.3 as compared 

with its canonical counterparts are illustrated in Fig 1.5.2. The H3.1 and H3.2 genes are 

organized in tandem, multi-copy clusters within the genome. In humans, the HIST1 cluster is 

located on chromosome 6p21, which contains histone H1 and 49 core histone genes including 

ten H3 genes. Canonical histone genes lack introns and their corresponding mRNAs do not 

have polyadenylated (Poly A) tails. H3.1 and H3.2 mRNA translation is tightly regulated by 

proteins that are responsible for their peak of transcription and increased mRNA processing 
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during S phase (Ray-Gallet et al., 2011b). In contrast, H3.3 mRNAs possess introns and Poly 

A tails and they are constitutively expressed throughout the cell cycle, which allows histone 

deposition and exchange in a DNA synthesis-independent manner during and outside S phase. 

H3.3 differs from H3.2 by only 4 amino acids at residues 31, 87, 89 and 90 with an additional 

residue 96 in H3.1. These specific four residues in H3.3 make up the α-helixes of the histone 

folding motif, which indicates that the H3.3 protein may have a distinct folding configuration 

compared to canonical H3 protein (Szenker et al., 2011). (Frank et al., 2003). Three of these 

residues (amino acids 87, 89, and 90) mediate recognition by the H3.3-specific histone 

chaperones HIRA and DAXX (Filipescu et al., 2013a, Ricketts and Marmorstein, 2017), and 

serine 31 specifically located in N-terminal of H3.3 can be phosphorylated and influence the 

methylation of lysine 27 (Hake et al., 2005, Jacob et al., 2014) (Fig 1.5.2).  
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Fig 1.5.2. Histone variant H3.3 compared with canonical histone H3.1 and H3.2. Differences between 

the H3.1 and H3.2 (in purple) and the histone variant H3.3 (in green) are illustrated.  Genes encoding 

H3.1 and H3.2 are organized in tandem clusters within the genome. They lack introns and are not 

polyadenylated in contrast to the H3.3 genes (H3.3a and H3.3b). The amino acid differences between 

the canonical H3 and H3.3 are indicated. H3.3 Serine residue (S) at position 31 can be phosphorylated. 

The motifs SVM and AIG in H3.1/2 and H3.3 could account for chaperone specificity respectively. 

PTMs for each group are shown at the bottom. This figure is adapted with permission   from “The 

double face of the histone variant H3.3” Emmanuelle Szenker et al., (Szenker et al., 2011) 
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Histone H3.3 is encoded by 2 single genes, H3f3a and H3f3b (H3.3a and H3.3b in Drosophila) 

(Bush et al., 2013). A recent H3.3 study, which used an HA-tagged H3.3 targeted to the 

endogenous locus as well as an EGFP gene with its own IRES, showed strong HA stain (H3.3) 

in most cells in spleen, thymus, liver, kidney, exclusive localization in the nuclei in brain, 

spermatocytes and round spermatids in testis and nuclei of theca cells and oocytes in the ovary, 

in which H3.3A-HA and H3.3B-HA expression pattern in adult tissues was analyzed by 

immunohistochemistry in mouse ex vivo (Bachu et al., 2019).  This implied that H3.3-HA is 

expressed broadly in most cells of adults’ tissues. Moreover, H3.3 expression was also tested 

for in T and B lymphocytes and myeloid cells from thymus, spleen and bone marrow by flow 

cytometry in that study and they found that the majority of cells in spleen (T, B lymphocytes, 

and myeloid cells), thymus (CD4+ and CD8+ T cells) and bone marrow (B cells and myeloid 

cells) were EGFP positive in both H3f3a-HA and H3f3b-HA mice. And the EGFP signal from 

H3f3a-HA and H3f3b-HA mice are expressed at comparable levels in each cell type in these 

tissues with a narrow monophasic peak, indicating that H3.3 expression levels are largely 

uniform within each cell type (Bachu et al., 2019).  

 

H3.3 is targeted to transcriptionally active loci including promoters, gene bodies and regulatory 

elements throughout the cell cycle, by its chaperone HIRA and has been described as an ‘active 

mark’ for transcription (Ahmad and Henikoff, 2002). More recently, H3.3 has also been shown 

to be incorporated into promoters of highly expressed genes (Lund et al., 2015a). In that study, 

it is suggested that factors putatively affecting expression of ‘H3.3 occupied promoters’ 

included spatial positioning of H3.3 on these promoters and enrichment for methylation of H3 

(H3K4me3) close to the TSS (Lund et al., 2015a).  
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The minor amino acid difference between H3.3 and its conventional counterparts H3.1 and 

H3.2 makes it difficult to specifically identify H3.3 using antibodies hence, making it difficult 

to study H3.3 deposition in mammalian systems. However, in the lab, we overcome this 

problem by generating H3.3B-EGFP transgenic mice from ES cells in which the EGFP gene 

was homologously integrated into the H3.3b gene to create a chimeric H3.3B-EGFP protein 

(see Fig 2.1). In this way, we can use anti-EGFP antibody to detect or pull-down H3.3 protein.  

 

1.5.3 Deposition pathways of histone H3 variants and their chaperones 

 

Histone chaperones are considered as the most likely candidates that are responsible for 

incorporating specific histone variant into the genome (Ray-Gallet et al., 2011b). The 

incorporation of histone variants is highly dynamic, which has been associated with different 

aspects of DNA metabolism during development such as DNA replication, transcription, 

recombination, and repair. Different histone variants have specific expression, localization and 

distribution patterns, which confer novel structural and functional properties on the nucleosome 

and affect chromatin remodelling and PTMs of histones. Moreover, core histones are 

continuously replaced by new histones throughout the whole cell cycle and incorporation of 

different histone variants alters the nucleosome properties both physically and chemically. The 

replacement of a canonical histone by a non-canonical variant, independent of replication, is a 

dynamic process that can potentially change the composition of chromatin (Henikoff and 

Smith, 2015).  

 

Accordingly, the incorporating pathways are grouped into two categories: replicative histones 

that expressed in S phase and are deposited in a DNA-synthesis coupled manner (DSC), and 

replacement histones, whose expression is throughout the cell cycle and are incorporated 
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through DNA synthesis-independent (DSI) pathways. Each identified H3 chaperone or 

chaperone complex contributes to a H3 variant deposition pathway as shown in Fig 1.5.3.   

 

In higher eukaryotes, chromatin loading of H3.3 depends on the highly conserved histone 

chaperone HIRA or on the DAXX/ATRX complex (Filipescu et al., 2013a). The specificity of 

both DAXX/ATRX and HIRA to H3.3 was shown to be mediated by a conserved sequence 

motif in H3.3 (AAIG) that differs from canonical H3 (SAVM) (Lewis et al., 2010, Elsasser et 

al., 2012).  
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Fig 1.5.3. Local enrichment of histone H3 variants and their chaperones. During DNA replication 

and DNA damage repair, incorporation of canonical histones H3.1 and H3.2 (purple) together with H4 

occurs genome-wide. This DSC pathway is mediated by the CAF-1 complex. In mouse somatic and ES 

cells, the replacement variant H3.3 (light green) is enriched in coding regions and at specific chromatin 

sites. In euchromatin, this H3.3 enrichment is achieved by the HIRA complex which consists of HIRA, 

Cabin1 and UBN1 and it is responsible for H3.3 enrichment in the gene bodies of actively transcribed 

genes and at promoters of both actively transcribed or non-transcribed genes. In heterochromatin, 

DAXX/ATRX complex accumulates H3.3 at pericentric repeats (major satellite) and telomeres. This 

figure is adapted with permission   from “Developmental roles of histone H3 variants and their 

chaperones” Dan Filipescu et al., (Filipescu et al., 2013b). 
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1.5.3.1 DNA-synthesis coupled (DSC) deposition  

 

Chromatin assembly factor-1 (CAF-1) complex 
 

During each division cycle, as cells replicate their DNA, they must also synthesize an equal 

amount of histone proteins and assemble them together into nucleosomes. To meet this cyclical 

demand, bulk histone gene expression is tightly regulated during S phase (Osley, 1991). This 

replication coupled (RC) pathway involves a variety of components, including proliferating 

cell nuclear antigen (PCNA), chromatin assembly factors such as CAF-1 and replication-

coupling assembly factor (RCAF), Hir proteins, and other histone chaperones (Mello and 

Almouzni, 2001, Verreault, 2000). The CAF-1 complex is the major player in this DSC 

deposition pathway. The CAF1 complex is made up of three subunits, p150, p60 and p48. The 

largest subunit p150 is said to interact directly with newly synthesized DNA and acetylated 

histone (Kaufman et al., 1995). CAF1 specifically incorporates H3.1-H4 (perhaps H3.2–H4) 

dimers onto newly synthesized DNA during DNA replication and DNA damage repair which 

involves a direct binding with proliferating cell nuclear antigen (PCNA) (MacAlpine and 

Almouzni, 2013, Polo and Jackson, 2011, Filipescu et al., 2013a). A schematic diagram 

showing the DNA replication-coupled deposition pathway is in Fig 1.5.4 (a).    

 

1.5.3.2 DNA-synthesis independent (DSI) deposition 

 

Histone regulator A (HIRA) complex 

 

HIRA protein,  together with calcineurin binding protein 1 (Cabin1) and ubinuclein 1 (UBN1) 

form a HIRA complex which is said to incorporate H3.3 onto both active and repressed genes 

as well as some regulatory elements in a DNA replication-independent manner (Banaszynski 

et al., 2010, Dipak Amin et al., 2011, Balaji et al., 2009). The HIRA complex has been 

suggested to be involved in the genome-wide deposition of H3.3 onto promoter regions of both 

active and repressed genes, the body of active genes, and a subset of regulatory elements 
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(Goldberg et al., 2010, Ray-Gallet et al., 2011b, Schneiderman et al., 2012). Additionally, a 

complex comprised of Death domain associated protein (DAXX) and alpha-

thalassemia/mental retardation X-linked syndrome (ATRX) (Goldberg et al., 2010, Drane et 

al., 2010, Lewis et al., 2010) provides a dispensable way to deposit H3.3 onto actively 

transcribed genes just like HIRA. However, it has been shown that DAXX/ATRX is 

specifically required for H3.3 enrichment at telomeres in mouse ES cells and pericentric 

heterochromatin regions in mouse embryonic fibroblasts (MEFs) (Goldberg et al., 2010, Drane 

et al., 2010, Loppin et al., 2005, Torres-Padilla et al., 2006). A schematic diagram showing the 

DNA replication-coupled deposition pathway is in Fig 1.5.4 (b).    
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Fig 1.5.4.  Histone chaperones are key regulators of replication-coupled and replication-independent 

nucleosome assembly. (a) Histone chaperones coordinate to regulate replication-dependent (DSC) 

nucleosome assembly. Asf1 transfers the newly synthesized histone H3–H4 that was imported into the 

nucleus to CAF-1 and Rtt106 for (H3–H4) dimerization and deposition onto newly synthesized DNA. 

Deposition onto replicated DNA partially depends on the interaction between CAF-1 and PCNA. (b) 

HIRA and DAXX mediate replication-independent (DSI) nucleosome assembly of H3.3–H4. In human 

cells, Asf1a transfers H3.3–H4 to HIRA for deposition of H3.3–H4 at genic regions. DAXX/ATRX 

facilitate deposition of H3.3–H4 at telomere regions. This figure is adapted with permission  from 

Review Article “Histone chaperones in nucleosome assembly and human disease” Rebecca J Burgess 

and  Zhiguo Zhang (Burgess and Zhang, 2013) 

 

 

 

1.5.4 Distribution of histone H3.3 

 

Distinct histone variants have their specifically defined deposition patterns and mark different 

chromatin states (Talbert and Henikoff, 2010, Kouzarides, 2007). However, the mechanisms 

used to achieve this remains largely unknown. In mammals, the canonical histones (H3.1 and 

H3.2) show an increased expression during S phase, which indicates they are the major histone 

source during DNA replication (Corpet and Almouzni, 2009, Groth et al., 2007). In contrast, 

the replacement histone H3.3 is constitutively expressed during and outside S phase to provide 

a continuous source of H3 (Wu et al., 1982). It has been demonstrated that H3.3 is enriched in 

actively transcribed genes (Jin et al., 2009, Mito et al., 2005b, Wirbelauer et al., 2005). While 

some more recent studies showed that during ‘reprogramming’ of the male pro-nucleus, H3.3 

is also incorporated into paternal chromatin after fertilization (Drane et al., 2010, Filipescu et 

al., 2013b). Additionally, the deposition of H3.3 onto telomeric and pericentric 

heterochromatin regions by DAXX/ATRX complex is also in a replication-independent 

pathway (Loppin et al., 2005, Torres-Padilla et al., 2006, Goldberg et al., 2010, Drane et al., 

2010). Published genome-wide H3.3 deposition profile was determined by using ChIP-

sequencing in murine embryonic stem cells (ES cells) in vitro in which, H3.3 has been shown 

to not only mark actively transcribed genes in ES cells and neural progenitor cells (NPCs) but 

also the genic and intergenic ES transcription factor binding site (TFBS) (Chen et al., 2008, 
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Goldberg et al., 2010). Although H3.3 was found to be enriched nearby the transcription start 

sites (TSS) of both active and repressed genes, it is enriched in the body of active genes, but 

not repressed genes (Goldberg et al., 2010). The deposition profile of H3.3 at cell-type specific 

genes and regulatory elements changes with differentiation. However, housekeeping genes, 

which remain highly expressed through differentiation, retain similar enriched patterns of H3.3 

occupancy. Pluripotent genes such as Oct4 are highly active in ES cells but become inactive 

after differentiation. Thus, the enrichment of H3.3 at the gene body of Oct4 largely disappeared 

in the differentiated NPCs. More recently, H3.3 has also been shown to be incorporated into 

promoters of highly expressed genes (Lund et al., 2015b). In that study, Lund et al. suggested 

that factors putatively affecting expression of ‘H3.3 occupied promoters included spatial 

positioning of H3.3 on these promoters and enrichment for methylation of H3 (H3K4me3) 

close to the TSS (Lund et al., 2015b). These observations in terms of HIRA-dependent H3.3 

deposition was obtained in either ES cell or adipose stem cells in vitro. In contrast, this PhD 

project set out to investigate H3.3 deposition in a somatic tissue (Thymus) in vivo. 

 

1.5.5 Functions of histone H3.3 

1.5.5.1 H3.3 acts as a switch for gene expression 

 

DNA accessibility during replication and gene transcription is highly dynamic and is thought 

to be tightly regulated by three mechanisms, which include ATP-dependent chromatin 

remodeling complexes, histone post-translational modifications (PTMs), and the exchange of 

histone variants (Varga-Weisz and Becker, 2006). Different H3 variants have been implicated 

in performing distinct gene regulatory functions in addition to their fundamental role in DNA 

packaging. H3.3 has been found to be enriched with active marks such as H3K4me2/3, 

H3K9Ac and H3K14Ac (Wirbelauer et al., 2005), in contrast, H3.2 is always enriched with 

repressive H3K27me2/3 and H3K9me2 marks (Hake and Allis, 2006). When outside S phase, 
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H3.2 is replaced with H3.3 carrying active marks that alter chromatin state and ultimately the 

DNA accessibility favoring a more open structure for genes transcription. Therefore, exchange 

of histone variants can act as the switch of gene expression. Additionally, another study showed 

that H3.3 can greatly impair the higher-ordered chromatin folding and promote gene activation 

(Chen et al., 2013). This is not surprising as the H3.3-containing nucleosome is very unstable 

and, as shown in a previous genome-wide analysis of H3.3 dissociation study, H3.3 turn-over 

is very rapid at transcription start sites (TSS), with the highest rate at nucleosome-depleted 

regions (NDRs) just upstream of Pol II binding and dropped across gene bodies (Ha et al., 

2014, Jin and Felsenfeld, 2007). Therefore, H3.3 is thought to act as a switch for gene 

expression.  

 

1.5.5.2 Developmental role of histone H3.3 

 

H3.3 is the major variant of histone H3 that is highly conserved among eukaryotes with only 

4-5 amino acid difference from its counterparts H3.1 and H3.2 (Delaney et al., 2018).  Most 

genomes contain two or more genes expressing H3.3 and loss or depletion of the H3.3 protein 

results in developmental defects in most organisms (Delaney et al., 2018). Several lines of 

evidence in Drosophila suggested that complete loss of H3.3 protein usually causes sterility or 

embryonic lethality, but it is not essential for viability, at least after the embryonic stage. 

However, H3.3 is required for male meiosis, where the loss of H3.3 leads to defects in 

chromosome condensation and segregation in meiotic cells of the male germline (Sakai et al., 

2009). The importance of H3.3 is manifested in developmental defects upon loss or depletion 

of the protein in mammals. Deletion of both H3.3 genes (H3f3a and H3f3b) results in 

developmental retardation and early embryonic lethality in mice (Jang et al., 2015b). Deletion 

of H3f3b alone leads to developmental deficiencies and death at birth and deletion of H3f3a 

alone results in postnatal mortality, slowed growth, and reduced male fertility (Couldrey et al., 
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1999, Tang et al., 2015). Moreover, missense mutations identified in specific cancer types, 

including pediatric high-grade glioblastoma (HGG) and certain types of bone tumors, 

preferentially occur in H3F3A and H3F3B genes encoding H3.3 protein in human (Shi et al., 

2017). More recently, complete loss of H3.3 protein only leads to reduced fertility and viability 

in response to high-temperature stress in Caenorhabditis elegans, which suggested a role for 

H3.3 in the stress response (Delaney et al., 2018). There are some other well recognized 

biological processes where H3.3 appears important: it is important for embryonic stem cell 

differentiation (Banaszynski et al., 2013), neuron plasticity (Maze et al., 2015) and the DNA 

damage response (Adam et al., 2013, Frey et al., 2014). At the molecular level, depletion of 

H3.3 does not dramatically affect gene regulation in the developing mouse embryo, 

surprisingly, it disrupts heterochromatin structures at telomeres, centromeres, and 

pericentromeric regions of chromosomes, leading to mitotic defects (Jang et al., 2015a). 
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1.6 Histone chaperones 

1.6.1 Introduction 

Histone chaperones (HC) were firstly identified as histone carriers that facilitate proper 

nucleosome assembly, which is thought to be important for maintenance of genome stability. 

As the research of chromatin and epigenetics grew rapidly, the functional link between histone 

chaperones and histone post translational modifications (PTMs) were thought to be important 

for the establishment, maintenance, and propagation of specific chromatin states (Avvakumov 

et al., 2011). The other non-negligible function of histone chaperones is that they target free 

histones for degradation, for instance Nucleosome Assembly Protein 1 (Nap1) eliminates 

competing, non-nucleosomal histone-DNA interactions during nucleosome assembly in yeast 

(Andrews et al., 2010).  

 

Histone chaperones not only physically interact with histone proteins, but also recruit histone 

modification enzymes as well as facilitate histone proteins modifications by other histone 

modifiers (Fillingham et al., 2008). For instance, in the nucleus, the association between H3-

H4 and anti-silencing factor 1 (Asf1) promotes acetylation of lysine 56 of H3 (H3K56) by  

histone acetyltransferase Rtt109 (Adkins et al., 2007, Chen and Dent, 2014, Collins et al., 2007, 

Driscoll et al., 2007, Han et al., 2007), which is followed by the deposition of H3-H4 dimers 

onto the nascent DNA by the next set of chaperones, CAF-1 and Rtt106 (Avvakumov et al., 

2011). This histone chaperone mediated histone recycling and propagation of post-translational 

modifications is required for robust re-establishment of the local chromatin structure at the 

DNA replication fork (Avvakumov et al., 2011)  To date, a growing body of evidence suggest 

that the role of histone chaperones is not limited to processes such as DNA replication, 

transcription, and repair. For example, FACT (Facilitates Chromatin Transcription) has now 

been identified as an exchange factor that can swap the histones within existing nucleosomes 
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for histone variants and prevent histones from being displaced by the passage of RNA 

polymerases during transcription (Formosa, 2012). The importance of histone chaperones is 

also manifested in cancer and other human diseases upon their alterations or mutations (Lorain 

et al., 1996, Wilming et al., 1997, Jiao et al., 2011, Schwartzentruber et al., 2012). A list of 

histone chaperones and their histone cargo and function during nucleosome assembly is 

showing in Fig 1.6.1.  

 

Fig 1.6.1. List of histone chaperones that were mentioned in this thesis. This figure is adapted with 

permission  from Review Article “Histone chaperones in nucleosome assembly and human disease” 

Rebecca J Burgess and  Zhiguo Zhang (Burgess and Zhang, 2013) 

 

 

1.6.2 Histone Regulator A (HIRA) mediated H3.3 deposition  

The HIRA gene was discovered by positional cloning of the DiGeorge syndrome chromosome 

deletion region at human chromosome 22q11. It has been demonstrated that HIRA is essential 

Histone chaperone Histone Function during nucleosome assembly 

Anti-silencing factor 1 (Asf1) H3–H4 
Histone import; histone transfer to CAF-1 

and HIRA; regulation of H3K56ac 

Chromatin assembly factor 

1 (CAF-1) 
H3.1–H4 H3.1–H4 deposition; (H3–H4)2 formation 

Death domain–associated 
protein (DAXX) 

H3.3–H4 
H3.3–H4 deposition at telomeric 
heterochromatin 

Histone cell cycle 
regulation defective 

homolog A (HIRA) 

H3.3–H4 Deposition of H3.3–H4 at genic regions 

Nuclear autoantigenic 

sperm protein (NASP) 
H3–H4 Histone supply and turnover 

Regulator of Ty 
transposition (Rtt106) 

H3–H4 
Formation and deposition of (H3–
H4)2 tetramer 

Facilitates chromatin 

transcription (FACT) 

H3–H4, H2A–

H2B, H2A.X–
H2B 

Deposition and exchange of H3–H4, H2A–

H2B, H2A.X–H2B 

Nucleosome assembly 

protein 1 (Nap1) 

H3–H4 and 

H2A–H2B 
H2A–H2B nuclear import and deposition 
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for mouse embryogenesis by targeted mutagenesis, in which homozygous HIRA knockout 

(KO) leads to embryonic lethality by day 11 (Roberts et al., 2002). The function of HIRA 

was first described based on its specific role in the DNA replication coupled (DSC) 

nucleosome assembly pathway in Xenopus egg extracts (Ray-Gallet et al., 2011b). Then, 

following its isolation with H3.3, its specific ability to deposit H3.3-H4 was demonstrated in 

vitro (Tagami et al., 2004).  

The HIRA complex, composed of HIRA, Ubinuclein-1 (UBN1), and Calcineurin Binding 

Protein 1 (CABIN1), cooperates with the histone chaperone Anti-silencing function protein 1 

(ASF1) to mediate H3.3-specific binding and chromatin deposition at different genic regions 

(Tagami et al., 2004, Goldberg et al., 2010, Ray-Gallet et al., 2011b). The conserved Hpc2-

related domain (HRD) in UBN1 is said to confer H3.3-specific-binding by the HIRA complex. 

HIRA is well known as an activator of gene transcription by incorporating H3.3 onto 

promoters, enhancers and gene bodies of active transcribed genes (Chen et al., 2013). 

Conversely, HIRA has also been implicated in transcriptional repression, where HIRA/ASF1 

spreads across heterochromatic regions via association with the Heterochromatin Protein 1 

(HP1) ortholog, Swi6, to maintain a silent chromatin state in fission yeast (Wang et al., 2000). 

Recently, how HIRA deposits H3.3 on distinct genic regions has been revealed by a short 

hairpin RNA (shRNA) screen (Zhang et al., 2017c) in which, they identified a single-stranded 

DNA (ssDNA) binding protein Replication Protein A (RPA) as a regulator of the deposition 

of newly synthesized H3.3 into chromatin (Zhang et al., 2017c). They showed that RPA 

facilitates HIRA-mediated incorporation of newly synthesized H3.3 at promoters and 

enhancers for gene regulation (Zhang et al., 2017c). Moreover, previous microarray studies in 

Drosophila provided strong evidence for a correlation between transcriptional activity and 

H3.3 incorporation (Mito et al., 2005a). Because of the association of H3.3 with 

transcriptionally active chromatin domains, it has been suggested that there is a causal 
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relationship between the presence of H3.3 and the accessibility of the chromatin template for 

transcription. It has been noted that if H3.3-containing chromatin is more easily transcribed, 

increased transcription may lead to further replacement of H3 by H3.3 (Jin and Felsenfeld, 

2006).  

 

There is a human disease called DiGeorge syndrome (DGS), of which, the syndrome is 

comprised of: T-cell deficiency, hypoparathyroidism, cardiac malformations, and facial 

abnormalities (Davies, 2013). Most DGS infants develop a small thymus with low T cell 

numbers but there are still less than 1% of infants with DiGeorge anomalies that are athymic 

and consequently no T cells derived from the thymus  (Naeim, 2013).  It has been reported 

that ⁓90% of patients with DGS have a small deletion in chromosome number 22 at position 

22q11.2 (de la Chapelle et al., 1981, Kelley et al., 1982). Interestingly, HIRA was identified 

as one of the candidate genes located within the q11 region of chromosome 22 that was 

commonly deleted in DGS patients (Farrell et al., 1999). This indicates that HIRA may play 

a role in regulating T cell development (see section 3.8). There is another known candidate 

gene, T-box family transcriptional regulator (TBX1) (Papaioannou and Silver, 1998), in 

which, rare mutations have been described leading to the DGS phenotype (Yagi et al., 2003, 

Zweier et al., 2007). Mice having parathyroid defects can be partially rescued by expressing 

a human bacterial artificial chromosome (BAC) vector containing the TBX1 gene (Merscher 

et al., 2001). Notably, extensive evidence also suggested that H3.3 and HIRA are required for 

reprogramming events during development in animals (Loppin et al., 2005, Akiyama et al., 

2011, Santenard and Torres-Padilla, 2009) and plants (Ingouff et al., 2010, Nie et al., 2014). 
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1.7 Epigenetics in alternative RNA splicing 

1.7.1 Introduction to RNA splicing  

Alternative RNA splicing explains how protein diversity is achieved by the limited number of 

genes found in higher eukaryotes. The canonical protein is produced by joining exons in 

sequence and removing all introns during RNA splicing. But alternative splicing may drop 

exons or retain introns, resulting in a different protein. The importance of alternative splicing 

is dramatically manifested by the splicing defects found in numerous diseases such as cystic 

fibrosis, frontotemporal dementia, Parkinsonism, premature aging, and cancer (Luco et al., 

2011, Caceres and Kornblihtt, 2002, Cooper et al., 2009). 

 

There are five major alternative splicing events described in metazoans: skipped exon (SE), 

alternative 5’ splice sites (A5SS), alternative 3’ splice sites (A3SS), mutually exclusive exons 

(MXE) and retained introns (RI) (Zhou et al., 2014). Introns are non-coding regions within the 

genome and RIs may trigger nonsense-mediated decay (NMD) of mRNA or introduce 

mutations in the translated protein. Recently, the retention of introns by alternative splicing has 

been suggested as a conserved regulatory mechanism that can affect gene expression and 

protein function and correlate with age and age-onset of neurodegenerative diseases 

(Adusumalli et al., 2019). One example would be that the level of intron retention (RI) 

increased in male Drosophila heads as the animal aged and some differential RI genes 

identified from aging Drosophila as well as human brain tissues are revealed to be associated 

with Alzheimer's disease (AD)-related pathways (Adusumalli et al., 2019).  

 

Traditionally, alternative RNA splicing is predominantly thought to be regulated by splicing 

enhancers and silencers located either in introns or exons (Chasin, 2007). They are small 

conserved RNA sequences that can either stimulate or inhibit the use of splice sites through 
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binding to regulatory proteins such as SR proteins (serine/arginine rich proteins) or 

heterogeneous nuclear ribonucleoproteins (hnRNPs) (Luco et al., 2011). As RNA splicing can 

occur co-transcriptionally (Beyer and Osheim, 1988), multiple layers of post- and co-

transcriptional regulatory mechanisms coordinate to control this process (Kornblihtt et al., 

2013b). There is a growing body of evidence supporting the idea that histone modifications and 

chromatin organization influence pre-mRNA splicing (Shukla and Oberdoerffer, 2012, Hodges 

et al., 2009, Khan et al., 2012, Chodavarapu et al., 2010).  Chromatin structure contributes to 

the regulation of RNA splicing by affecting its coupling with transcription which include the 

modulation of chromatin conformation and histone marks, the recruitment of splicing factors 

and nucleosome positioning (Kornblihtt et al., 2013a). Notably, exons have a length of 140–

150 nucleotides long on average, which is strikingly similar to the nucleosome (147bp) 

(Kornblihtt et al., 2009). Next-generation sequencing has been widely used to study genome-

wide nucleosome positioning and it has been previously suggested that DNA sequences at 

intron-exon junctions promote nucleosome positioning, suggesting an essential role of 

nucleosome positioning in exon definition (Dhami et al., 2010, Kolasinska-Zwierz et al., 2009, 

Nahkuri et al., 2009). Moreover, it has been suggested that nucleosome density is high at strong 

splice sites (Spies et al., 2009, Tilgner et al., 2009), which indicates a potential role for 

nucleosome positioning in regulation of splicing. Similarly, RNA Pol II has also been shown 

to be more highly enriched at alternatively spliced exons than at constitutive ones (Brodsky et 

al., 2005). Given the ability that RNA Pol II can interact with histone modifiers, such as the 

histone 3 lysine 36 (H3K36) methyltransferase Set2 (Xiao et al., 2003), and recruit splicing 

regulators, such as SR proteins or U2 spliceosomal RNA (de la Mata et al., 2003, Listerman et 

al., 2006, Kornblihtt et al., 2004), nucleosome positioning may play a role in  modulating RNA 

Pol II enrichment at exons and therefore splicing efficiency.  

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/histone-modification
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A mechanistic model involving direct physical crosstalk between chromatin and the splicing 

machinery via an adaptor complex has been suggested (Luco et al., 2010, Sims et al., 2007). 

Multilayered regulation by the H3K36me3 histone mark, chromatin binding factor MRG15 

(MORF-related gene on chromosome 15), and splicing factor PTB (polypyrimidine tract-

binding protein) establishes a ‘chromatin-splicing adaptor’ system (Luco et al., 2010) in which, 

MRG-15 reads high levels of H3K36me3 marks on exons and acts as an adaptor protein to 

further recruit PTB to its weaker binding site inducing exon skipping. Conversely, MRG-15 

and PTB do not accumulate along the gene marked with H3K4me3, thus favoring exon 

inclusion (Fig 1.7.1).  

 

 

 

Fig 1.7.1. The chromatin-adaptor model of RNA alternative splicing. H3K36me3 (red) along the gene 

determines the binding of adaptor protein MRG15 that reads H3K36me3 (red) and in turn recruits 

splicing factors PTB to its weaker binding site inducing exon skipping. When the PTB-dependent gene 

is hypermethylated in H3K4me3 (blue), MRG15/PTB does not accumulate along the gene, and thus 

favoring exon inclusion. This figure is adapted with permission  from “Epigenetics in alternative pre-

mRNA splicing” Reini F. Luco et al (Luco et al., 2011) 
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1.7.2 Association between HP1γ and alternative RNA splicing 

 

Another example of a possible chromatin-splicing adaptor system including the H3K9me3 

mark and HP1 proteins appears to recruit heterogeneous nuclear ribonucleoproteins (hnRNPs) 

in Drosophila in which, co-immunoprecipitation (Co-IP) experiments confirmed HP1a 

interacts with hnRNP proteins (Piacentini et al., 2009). In humans, proteomic analysis of 

proteins binding to H3K9me3 identified the chromatin-binding protein HP1α/β, splicing 

factors Ser/Arg-rich protein (SRp20) and alternative splicing factor 1/pre-mRNA-splicing 

factor 2 (ASF1/SF2) as interaction partners (Loomis et al., 2009). It has also been shown that 

the inclusion of the CD44 variant exons in humans is regulated by SWI/SNF (SWItch/Sucrose 

Non-Fermentable) complex, suggesting that RNA splicing is also regulated by chromatin and 

its components (Batsche et al., 2006). Moreover, the enrichment of H3K9me3 was observed 

on the variant regions of CD44 in both HeLa cells (Batsche et al., 2006) as well as human T 

cells (Barski et al., 2007), which favors the inclusion of CD44 variant exons. H3K9 

methylation provides the binding site for the chromodomain (CD) of HP1 proteins and HP1γ 

has been reported to be the only HP1 isoform on the coding region of active genes (Vakoc et 

al., 2005, Mateescu et al., 2008). These results point to a possible role for the H3K9me3 histone 

mark in the regulation of recruitment of splicing factors mediated by the chromatin-adaptor 

protein HP1. HP1γ may function in a way structuring chromatin and pre-mRNA to slow down 

RNA Pol II elongation, which in turn facilitates the recruitment of spliceosome as there is no 

study showing the association between HP1γ and spliceosome so far. Loomis et.al. found both 

HP1γ and the splicing factor SRP20 binding to the methylated H3 peptide by pull-down and 

mass spec (Loomis et al., 2009). 
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1.8 T-cell identity and epigenetic memory  

1.8.1 T cell development  

T cell lymphopoiesis takes place primarily in the thymus, which serves as a 

suitable home for haematopoietic stem cell (HSC)-derived lymphocyte progenitors becoming 

T cells (Zlotoff and Bhandoola, 2011). By contrast, B cell development occurs in bone marrow 

(and the liver in the foetus) in mammals. Although T and B cells might share a common 

lymphoid progenitor, unlike B cells of which, the development occurs in the bone marrow, T 

cells require exit from the bone marrow and differentiate with unique signals in the thymus 

(Schmitt et al., 2004). Fig 1.8.1 outlines the steps of T cell differentiation in the thymus, which 

is defined by the specific expression of different cell surface markers (Fig 1.8.1). Firstly, T 

cells start as CD4/CD8 double negative (DN) which then become CD4/CD8 double positive 

(DP), and lastly, they mature into CD4 or CD8 single positive (SP) T cells. The DN stage can 

be further subdivided into DN1, DN2, DN3 and DN4, which express different combinations of 

cell-surface markers, CD25 and CD44. As shown in Fig 1.8.1, T cells at the first two stages 

(DN1, DN2) are CD44+ and subsequently, CD44 is downregulated, and its expression stays 

low throughout the rest of T cell development. When T cells are activated through recognition 

of specific antigen, there is a rapid increase in the expression of CD44 on the cell surface. 

Memory T cells retain high CD44 expression on their cell surface (Godfrey et al., 1993, Berard 

and Tough, 2002, Butterfield et al., 1989). Notch signalling is said to be required during the 

transition of early T cell progenitor (ETP) to DN2 and ETP to DN3 (Sambandam et al., 2005, 

Tan et al., 2005). Under the influence of the Notch signalling pathway, T cells undergo a 

complex programme which leads to T cell maturation (Laky et al., 2006, Laky and Fowlkes, 

2008). CD4+ SP “helper” cells and CD8+ SP “cytotoxic” cells are separated at an early stage 

within the thymus (Rothenberg and Zhang, 2012). After T cells leave the thymus, they continue 

to specialize in response to antigens, turning on a gene expression programme to become 
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distinct cytokine-producing T-cell (Th1, Th2, Th17, and Treg cells) or cytotoxic T-cells 

(CTLs). (Zhang et al., 2012). During the T cell activation process, the T cell receptor (TCR) 

on both CD4+ helper T cells and CD8+ cytotoxic T cells binds to the antigens presented by 

antigen presenting cells (APCs), which triggers initial activation of the T cells. This is followed 

by binding of CD4 and CD8 molecules to the major histocompatibility complex (MHC) class 

II and MHC class I respectively, which further stabilises the whole structure (Nakayama, 

2014). Antigen presentation by MHC proteins is essential for adaptive immunity. There are 

also some co-stimulatory proteins on APCs involved that help to activate T cells. 

 

 

 

 

 

 

 

 

 

Fig1.8.1. Schematic diagram showing the intra-thymic T-cell development with well-defined 

differentiation cell surface markers. Hematopoietic stem cells arise in the bone marrow and migrate 

to the thymus. In the thymus, T cells move from cortex to medulla. Thymocyte differentiation is 

characterized by the expression of well-defined cell-surface markers, including CD4, CD8, CD44 and 

CD25, as well as T-cell receptor (TCR). CD71 is the transferrin receptor, which is lost on mature T 

cells. Double negative (DN) cells are CD71+ (black) and double positive (DP) cells are CD71- (red). 

Early committed T cells do not express CD4 or CD8 (DN) thymocytes. DN thymocytes can be further 

subdivided into four stages of differentiation (DN1, CD44+CD25-; DN2, CD44+CD25+; DN3, CD44-

CD25+; and DN4, CD44-CD25-). At the DN3 stage, DN cells express a pre-TCR which triggers the 

upregulation of CD4 and CD8 expression on the cell surface, and progression to the CD4+CD8+ DP 

stage. Interactions between Notch receptor-expressing thymocytes and thymic stromal cells that express 

Notch ligands induce a complex programme of T-cell maturation in the thymus, which ultimately results 

in the generation of self-tolerant CD4+ helper T cells and CD8+ cytotoxic T cells, which migrate from 

the thymus to peripheral. This figure is adapted with permission  from “A transgenic mouse model of 

human T cell leukemia virus type 1-associated diseases” Takeo Ohsugi (Ohsugi, 2013). 

 

 

Cortex 

CD71- 

Medulla 
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Previously, transferrin receptor, CD71 was suggested as a marker for immature, proliferating 

T cells in the thymus (Brekelmans et al., 1994). During early T cell development in the thymus, 

there is an intense proliferation phase in which T cells are expressing CD71 (CD71+) but 

subsequently, CD71 expression ceases when T cells become CD4/CD8 double positive (Fig 

1.8.1). The sequential expression of CD71 on T cells in the thymus is shown in Fig 1.8.2. An 

alternative illustration of CD71 expression on T cell surface during development is in Fig 3.3.2 

in section 3.8.2. 

 

 
 

Fig 1.8.2. Transferrin receptor CD71 expression during murine T cell development in thymus. This 

schematic diagram is showing the indicated expression of CD71 on T cell surface during early 

development (CD4/CD8 DN) and subsequently ceases when T cells become CD4/CD8 DP. Some of the 

mature thymocytes were not present in neonatal or fetal thymus. This figure is adapted with permission 

from “Transferrin receptor expression as a marker of immature, cycling thymocytes in the mouse” 

Pieter Brekelmans et al., (Brekelmans et al., 1994) 

 

 

 

1.8.2   Memory T cell 

 

Naïve T cells are those that have never encountered and responded to a pathogen. When they 

recognize antigens, they undergo clonal expansion to generate massive numbers of effector T 

cells. More specifically, these are a type of effector T cell, called cytotoxic T cells which can 

then migrate into inflamed tissues and kill infected cells (Kaech and Cui, 2012). However, the 

majority (90-95%) of effector T cells undergo apoptosis, whilst the remaining activated cells 
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establish a small population of memory T cells pool (Palmer, 2003). A distinctive feature of 

memory T cells is that they are able to turn on a distinct cohorts of inducible gene expression 

programme more rapidly and at a greater level than their naïve and effector counterparts in 

response to re-infection (Pennock et al., 2013). These genes include several well-described 

immune-responsive genes, such as interleukin-2 (IL-2), tumour necrosis factor (TNF), and 

interferon-γ (IFNG). The rapid and abundant inducible gene expression program in memory T 

cells is termed ‘transcriptional memory’ (Dunn et al. 2015) and remarkably this transcriptional 

memory can be retained up to 75 years after their first encounter with an antigen (Hammarlund 

et al., 2003).  

 

To date, memory T cells have been extensively studied and recently, two general pathways of 

their formation have been proposed: the memory T cells either arise from a subset of the 

effector cells that escape apoptosis, or descend directly from naïve T cells (Kaech and Cui, 

2012) (Fig 1.8.3 a/b). In these studies, DNA accessibility and DNA methylation profile 

experiments in populations of naive, effector and memory T cells in human T cells and in vivo 

in mice revealed that DNA methylation profile differs from that in naïve T cells which, in 

effector cells, DNA methylation on genes encoding key components of the effector response 

is lost suggesting that these genes are turned “on” and this was catalysed by DNA 

methyltransferase DNMT3a (Akondy et al., 2017, Youngblood et al., 2017). Their evidence 

favors the model shown in Fig 1.8.3 b and it is indicated in these two studies that epigenetic 

regulation could play a role in T cell memory. Moreover, in memory cells, both naive-

associated genes and genes encoding the effector molecules have been found to retain a low 

level of DNA methylation which could, in turn, be needed to maintain both the memory-cell 

population and the ability of memory cells to re-express effector molecules quickly to fight re-

infection (Kaech and Cui, 2012) (Fig 1.8.3 c). Notably, memory T cells can be further 
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subdivided into central memory T cells (TCM cells), effector memory T cells (TEM cells) and 

tissue resident memory T cells (TRM). Both TCM cells and TEM cells have an intermediate to 

high expression of CD44 and they both express L-selectin (CD62L) but TCM cells are 

circulating through the body and TEM cells are found in the peripheral circulation except the 

lymph nodes. Therefore, CD44 expression is usually used as a T cell surface marker for 

distinguishing naïve T cells from memory T cells in mice. TRM, in contrast, only occupy tissues 

without recirculating. Whether these subpopulations of memory T cell arise through the same 

pathway needs to be investigated in the future.   

 

 

Fig 1.8.3. Two proposed pathways of memory T cells formation. a. This model proposes that the 

precursor cells that give rise to memory T cells and effector T cells both arise independently from naive 

T cells. b. In another model, a subset of effector cells gives rise to memory T cells. c. In both Akondy et 

al. and Youngblood et al. studies, they analysed the methylation of genes associated with naive-cell 

function and effector-cell function in naive cells, effector cells and memory cells. Their evidence is 

consistent with the model shown in b. This figure is adapted with permission from “The origins of 

memory T cells” Omilusik KD and Goldrath AW (Omilusik and Goldrath, 2017). 

 

 

https://en.wikipedia.org/wiki/CD44
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1.8.3 Epigenetics in T cell memory 

Although signaling pathways and transcription factors are known to be the key players during 

our body’s defense against pathogen infections, it is becoming clear that epigenetic regulation 

plays important roles in turning on a cell lineage-, context-specific and precise gene expression 

program in diverse cell types (Mehta and Jeffrey, 2015, Lau et al., 2018). Such precise gene 

expression programs allows the immune system to respond more rapidly and effectively to 

previously encountered pathogens which is thought to be the hallmark of adaptive immunity 

(J. Moticka, 2016).  

 

Nowadays, epigenetic memory studies have been largely limited to processes such as 

development and metabolism, therefore, the mechanism underlying epigenetic memory for 

signal-dependent transcription in immune cells has remained elusive. A recent global 

epigenome study showed that memory IFNβ-stimulated genes (ISGs) acquired H3.3 and 

H3K36me3 marks after initial IFN stimulation, which further accelerated the recruitment of 

RNA polymerase II and transcription and chromatin factors to these genes (Kamada et al., 

2018). This, together with emerging evidence from model organisms (Tamura et al., 2009, 

Sarai et al., 2013, Banaszynski et al., 2013, Ng and Gurdon, 2008), which provides insights 

into the contribution of epigenetic regulation in adaptive immunity, suggests that epigenetic 

mechanisms are central to establishing and maintaining transcriptional memory (Dunn et al., 

2015). These epigenetic mechanisms are thought to be diverse and include not only classical 

histone modification events, but also some less well-known mechanisms involving chromatin 

structure, histone variants, upstream signaling pathways, and nuclear localization of genomic 

regions. This multi-layered epigenetic mechanism is thought to elicit transcriptional memory 

programs in T cells (Dunn et al., 2015). Although the precise mechanism of multi-layered 

epigenetic regulation in T cell memory remains unclear, the contribution of histone 
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modifications in memory T cell development has been explored extensively and are now 

thought to epigenetically mark genes and prime them for robust reactivation following 

reinfection. A summary table illustrates the known roles of variant histones and chromatin 

chaperone/remodeling proteins in regulating transcription in T memory cells (Fig 1.8.4). 

 

In this thesis, I will examine the role of HIRA in regulating chromatin in vivo by employing 

mice in which the HIRA gene is deleted in T cells of the immune system. It will focus on the 

effect of this HIRA deficiency on T cell development including the acquisition of specific gene 

expression patterns and the key process of T cell receptor rearrangement and relate the 

perturbations in these processes to H3.3 occupancy (see result section 3.8). 
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Fig 1.8.4. Summary of epigenetic mechanisms and their role in memory cell development. This table 

is adapted with permission from “Multi-layered epigenetic mechanisms contribute to transcriptional 

memory in T lymphocytes” Jennifer Dunn et al. (Zhang et al., 2005a) 

 

Mechanism cell type/species role 

PTMs 
  

Acetylation Memory 

CD4+/CD8+ T 

cells 

▪ Marks memory responsive genes for rapid 

reactivation 

  
▪ Form stable marks of transcriptional activation 

that are retained in memory T cells 
 

Methylation Memory 

CD4+/CD8+T 

cells 

▪ Loss of repressive histone methylation marks at 

active genes are preserved in memory T cells to 

facilitate faster transcription of target genes 

 
 

Histone 

variants 

  

H3.3 mES cells ▪ Marks gene enhancers for rapid reactivation 
  

▪ Primes genes for transcription by destabilizing 

nucleosome structure to facilitate recruitment of 

transcription factors 
 

Xenopus ▪ Required for transcriptional memory following 

somatic cell transfer 
 

pre-B cells ▪ Forms stable marks of transcriptional activity 

that persist through cell division 

H2A.Z Yeast/CD4+ T 

cells 

▪ Destabilizes chromatin structure to facilitate 

recruitment of transcription machinery 
 

Yeast ▪ Regulates the localization of recently repressed 

genes to the nuclear periphery to facilitate 

transcriptional memory 



71 
  

1.8.4 A potential role for HIRA/H3.3 in regulatory T cell memory 

Previous proteomics data obtained in our lab by Stable Isotope Labelling of Amino Acids 

(SILAC), the level of proteins involved in T cell biology and V(D)J recombination were 

affected by Cre-loxP (Abi-Ghanem et al., 2015) mediated deletion of HIRA in murine 

peripheral T cells (Vineet Sharma PhD thesis 2014). This SILAC data also showed that CD44 

(H-CAM) expression is upregulated in proliferating peripheral lymph node T cells. These two 

phenomena might be linked by the fact that CD44 up-regulation in the absence of HIRA could 

be the consequence of impaired T cell development in thymus. It has been known that T cells 

are able to spontaneously undergo extensive proliferation after transfer into immune-deficient 

hosts and in such cases upregulate CD44 (Surh and Sprent, 2000). In addition to the T cell 

proliferation aspect indicated by the increased CD44 level in our model system, it would be 

interesting to investigate if the memory T cells’ induction or maintenance has been affected in 

the HIRA knock-out T cells.  CD62 (L-selectin) and CD44 are two adhesion molecules 

associated with naïve and previously activated T cells respectively. It has been noted that naïve 

T cells express CD62LhiCD44lo phenotype, whereas previously activated T cells express 

CD62LloCD44hi phenotype which persists following activation and is referred to as a memory 

cell phenotype (Gerberick et al., 1997). Memory B and T cells are capable of "remembering" 

pathogens long after they are first encountered (Van Kaer, 2015) and reproduce a faster and 

stronger immune response than the first time. Taken together with the previous observation of 

H3.3 localization at the V(D)J recombining loci (Jones et al., 2011), an important functional 

role might be played by HIRA in regulating turnover of H3.3 at genomic regions to enable 

tightly regulated immune system development. 
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1.8.5 T cell receptor (TCR) V(D)J recombination  

V(D)J recombination is the process by which lymphocytes randomly assemble different gene 

segments – known as variable (V), diversity (D) and joining (J), in order to generate unique 

receptors that recognize many different types of molecule (Roth 2014) (Fig1.8.5). V(D)J 

recombination is initiated and directed by the lymphoid-specific recombinase activating gene 

(RAG)1 and RAG2 protein complex (referred to as RAG), which work together with DNA 

bending factors, HMG1A or HMG1B to carry out DNA cleavage (van Gent et al., 1997, 

Oettinger et al., 1990). RAG can recognize recombination signal sequences (RSSs) that flank 

each V, D, or J segment of TCR and immunoglobin (Ig) and introduce DNA double-strand 

breaks between the them (Bassing et al., 2000). The rearrangements occur in an ordered 

fashion, with D to J joining proceeding followed by joining of V segment to the rearranged DJ 

segments (Roth, 2014) (Fig 1.8.6). V(D)J recombination is thought to be developmentally 

programmed through changes in chromatin structure and chromatin organization which 

provide RAG proteins access to RSSs (Krangel 2007, 2003; Cobb et al. 2006). During early T 

cell development in the thymus, TCRβ rearrangement occurs early in CD4/CD8 DN3 (Zuniga-

Pflucker, 2012). While primary TCRα rearrangement happens after T cells become CD4/CD8 

DP with secondary rearrangement in later resting DP cells to produce a mature αβTCR (Jones 

and Zhuang, 2007). Only DP cells with a functional TCR are capable of recognizing antigens 

presented by MHC molecules and receive a positive-selection signal to further differentiate to 

CD4+ or CD8+ single-positive (SP) cells (Jones and Zhuang, 2007).  
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Fig 1.8.5. Antigen receptor variable exons are assembled by V(D)J recombination. Assembly of a 

complete variable exon occurs in two steps. First, a D and a J segment are chosen from among several 

possibilities and are brought together to form a D-J rearrangement. Then a V region is selected and 

joined with the D-J rearrangement to form a complete V(D)J exon. Immunoglobulin light chain genes 

and TCR alpha and γ genes rearrange in a single step, involving V-J recombination, as D segments are 

absent from these loci. This figure is adapted with permission from “V(D)J Recombination: Mechanism, 

Errors, and Fidelity” David B. Roth (Roth, 2014). 
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Fig 1.8.6.  Schematic model of V(D)J recombination. V(D)J recombination consists of two steps: RAG 

dependent cleavage phase and NHEJ-dependent joining phase. The RAG complex binds and brings two 

RSSs together (stripe and black triangle on 12V and 23J respectively) and introduces double-strand 

DNA breaks. Both coding ends and signal ends are joined by NHEJ pathway. Functional coding joint 

encodes variable domain of TCR. This figure is adapted with permission from “Histone methylation 

and V(D)J recombination” Shimazaki, N. & Lieber, M.R. Int J Hematol (Shimazaki and R Lieber, 2014) 

 

 

 

1.8.6 Chromatin and V(D)J recombination  

 

V(D)J recombination generates a diversity of antigen receptor genes in a lineage- and stage-

specific manner and is thought to be orchestrated through complex mechanisms within a highly 

complex chromatin architecture (Shimazaki and Lieber, 2014, Shih and Krangel, 2013). This 

process is directed by the lymphoid-specific recombinase activating gene (RAG)1 and RAG2 

protein complex (referred to as RAG) (Matthews and Oettinger, 2009, Schatz and 

Spanopoulou, 2005, Bassing et al., 2002). RAG can recognize recombination signal sequences 

(RSSs) that flank each TCR or Ig V, D, or J gene segment. During this recombination event, 
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the most fundamental step is the restriction imposed by RAG protein expression, which is 

limited to developing pro- and pre-B cells and DN and DP thymocytes (Shih and Krangel, 

2013, Kuo and Schlissel, 2009). In both the B and T cell lineages, V(D)J recombination events 

are thought to be developmentally programmed through changes in chromatin structure and 

chromatin organization that provide RAG proteins access to pairs of RSSs (Krangel, 2007, 

Krangel, 2003, Cobb et al., 2006). Recent studies revealed dynamic changes in histone 

modification at recombinationally active V(D)J loci which favors an open chromatin that gives 

the accessibility of the RAG complex to the RSSs at TCR genes. In their studies, they found 

that only the loci undergoing recombination have hypermethylation of lysine4 of histone H3 

and acetylation of H3/H4 (Xu and Feeney, 2009, Subrahmanyam and Sen, 2010), which are 

thought to correlate with transcriptional activity (Bernstein et al., 2002).  
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1.9 Sexual Dimorphism  

Sexual dimorphism refers to differences between males and females of a species at 

chromosomal, gonadal, hormonal and behavioral level (Angelopoulou et al., 2006). It describes 

a series of morphological, physiological and behavioral phenotypes that distinguishes males 

from females (Rigby and Kulathinal, 2015). Sex differences in human diseases including rates 

of disease incidence, symptoms and age of onset bring us greater interest in studying this 

phenomenon.  

At the chromosomal level, genetic sexual dimorphism refers to the presence of two identical 

(XX) in females and two different (XY) sex chromosomes in males, which carry distinct 

content of genes and regulatory sequences (Angelopoulou et al., 2006). In the mouse, at 

embryonic day 10.5 (E10.5), the Y chromosome-specific sex-determining region Y (Sry), a 

HMG box transcription factor starts to express and causes testes development and testicular 

secretions in males, whereas, in the absence of Sry, ovaries develop in females (Rigby and 

Kulathinal, 2015). In addition, the presence of a nuclear hormone receptor Dax1 (DSS–AHC-

critical region of the X chromosome 1) in the XX gonad represses the male developmental 

pathways in females (Rinn and Snyder, 2005). It has been reported that a single-base pair 

mutation in the Sry  gene results an XY sex-reversed female (McElreavey et al., 1992). Once 

formed, ovaries and testes regulate the downstream sexual differential developmental 

processes by secreting sex-specific hormones at hormonal level (Rigby and Kulathinal, 2015).  

To date, sex determination has been best explained by three factors, the organizational effects 

of gonadal steroids, the activational effects of hormones and the non-gonadal effects of the 

sexual inequality in the number and type of sex chromosomes (Arnold, 2014). Sex hormones 

(mainly androgens, estrogens and progestins) secreted by testes and ovaries act on many tissues 

to induce non-gonadal phenotypes in males and females. In hours to weeks after removal of 
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the gonads, these hormonal effects typically disappear, hence sex differences that are 

eliminated by adult gonadectomy are classified as activational effects and can be reversed 

(Arnold, 2014). However, those gonadal hormones acting at early stages of development lead 

to sex differences that do not disappear after gonadectomy is classified as the organizational 

effects of gonadal hormones (Phoenix et al., 1959). Finally, there are some sex differences that 

cannot be explained by either activational or organizational effects of gonadal hormones, but 

by direct effects of sex chromosome which, differentially expressed genes on X and Y 

chromosomes in each XX and XY cell act in a sex-specific manner to cause sex differences in 

non-gonadal phenotypes (Arnold and Chen, 2009, Arnold, 2004) (Fig 1.9.1). The "four core 

genotypes" (FCG) mouse model which comprises four genotypes: XX gonadal males or 

females and XY gonadal males or females suggested that sex chromosome complement (XX 

vs. XY) is unrelated to the animal's gonadal sex (Sry gene) (Arnold and Chen, 2009) (Fig 1.9.2). 

It is becoming clear that both sex chromosome effects such as dose of X genes or parental 

imprinting and gonadal hormones effects are thought to regulate sex differences in behavior, 

gene expression and susceptibility to disease. However, this difference in X-linked gene dosage 

between males and females is further corrected by random X chromosome inactivation (XCI) 

in females (Snell and Turner, 2018). The X chromosome has the potential to cause sex 

difference in several ways. Firstly, expression of XCI can be either from maternally derived 

(Xm) or paternally derived X chromosome (Xp). Secondly, a gene escaping XCI leads to a 

higher expression level of this gene in XX females compared to XY males. Thirdly, genomic 

imprinting on Xp results in differential gene expression between sexes. Moreover, the 

availability of heterochromatic factors on X or Y chromosomes, so that may alter the autosomal 

gene expression in a sex-specific manner (Snell and Turner, 2018, Wijchers and Festenstein, 

2011). This sex-specific effect is supported by the studies in Drosophila where, the large 

heterochromatic Y chromosome results in genome-wide gene expression variation at distinct 
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loci showing position effect variegation (PEV) with altered availability of heterochromatic 

factors and hence the epigenetic status of specific autosomal loci (Wijchers and Festenstein, 

2011, Lemos et al., 2010). 

 

Fig 1.9.1 Schematic diagram of sex determination model. This model illustrates multiple primary 

parallel-acting factors encoded by the sex chromosomes, which activate different secondary 

downstream pathways to cause sex differences in phenotype. In this model, sex hormones are the most 

important group of secondary factors causing sex differences in phenotype of mammals. This figure is 

adapted with permission  from “Cell-autonomous sex determination outside of the gonad” Arnold et 

al., (Arnold et al., 2013). 
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Fig 1.9.2. FCG mice are produced by breeding XX gonadal females with XY−Sry gonadal males, 

producing the four genotypes shown. The figure shows the genetic differences among the four 

genotypes, in presence/absence of the Y chromosome and number of X chromosomes. FCG mice allow 

a 2 × 2 comparison to detect the phenotypic effects of sex (Sry present or absent) or sex chromosome 

(XX vs. XY). This figure is adapted with permission from “Sex Chromosome Effects on Male-Female 

Differences in Mammals” Snell DM and Turner JMA (Snell and Turner, 2018) 

 

A previous study in Drosophila showed that the depletion of HP1a resulted in male-biased 

lethality (Liu et al., 2005), which raised the question as to whether mammalian HP1 might 

contribute to sex dimorphism. Recently the importance of HP1γ in regulating sex differences 

was demonstrated in our lab. Of particular interest, RNA-seq analysis showed that males 

showed a higher dependency on HP1γ in maintaining their normal gene expression profile 

compared to females (Law et al., 2019). Wildtype (WT) male embryonic fibroblasts (MEFs) 

were shown to proliferate at a faster rate than female MEFs consistent with previous 

observations that the growth rate is higher in male compared with female mammals (Burgoyne 
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et al., 1995, Burgoyne, 1993, Thornhill and Burgoyne, 1993). HP1γ knockout (KO) completely 

abolished this difference in proliferation. Gene ontology analysis also revealed a sex dimorphic 

transcriptomic signature for cell cycle-related genes (Law et al., 2019). Previously, a study by 

our group showed a sizeable number of autosomal genes that are epigenetically regulated by 

sex chromosome complement (XY or XX) rather than phenotypic sex using a ‘sex-reversal’ 

mouse (four core genotype model, see above) in which the mice were either deficient or 

transgenic for the sex determining Sry gene. 
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1.10   Hypotheses and Aims of this project  

1.10.1 Hypotheses 

 

• HIRA mediated H3.3 incorporation regulates the transcription of a subset of genes and 

rearrangement of the T cell receptor locus. 

• HIRA/H3.3 pathway is involved in regulating T cell development and the establishment 

of memory T cells. 

• HP1γ is important for regulating sex dimorphism in gene expression and the cell cycle 

program in mouse embryonic fibroblasts (MEFs). 

• HP1γ is involved in regulating sex dimorphic alternative RNA splicing in mouse 

embryonic fibroblasts (MEFs). 

 

 

 

1.10.2 Aims 

 

The overall hypotheses that this thesis addresses are 1) that HP1γ, acts in vivo to regulate 

sexually dimorphic gene expression and sex dimorphism in cellular proliferation and 2) that 

HIRA/ H3.3 plays a role in the development of T cells. Therefore, in this project, using mouse 

thymocytes, which are wild type or homozygous conditional knockout for HIRA and mouse 

embryonic fibroblasts, which are wild type or homozygous knockout for HP1γ, I aimed to 

experimentally address the following general questions:  

1. What is the genome-wide distribution of H3.3 in vivo? 

2. What is the role of HIRA in the regulation of gene expression via H3.3 and what is its 

role in T cell development? 

3. What is the role of HP1γ in regulation of sexually dimorphic expression of genes? 
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4.         What is the role of HP1γ in regulation of alternative RNA splicing?  

 

The results section has been divided into distinct sections based upon these hypotheses – 

Chapter 3 deals with the HIRA/H3.3 investigations and Chapter 4 deals with the HP1γ /sex 

dimorphism investigations. In the general discussion the crossover between these two separate 

chapters is discussed. 
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Chapter 2 - Materials and Methods 
 

2.1 Experimental mice 

 

2.1.1 Animal handling  

Animals used to fulfill the thesis were maintained and handled according to the Imperial 

College Subcommittee for Animal Research guidelines and the British Home Office 

regulations. 

 

2.1.2 Transgenic mouse models  

2.1.2.1 Transgenic H3.3B-EGFP mouse model 

H3.3B-EGFP mice containing knock-in construct of H3.3B-EGFP were generated by Dr. 

Vineet Sharma (Imperial College London, London, U.K.)  and Dr. Buhe Nashun (MRC 

Clinical Science Centre, London, U.K.). H3.3B-EGFP mice were generated by inserting the 

EGFP gene downstream of the coding sequence (CDS) of the H3f3b gene (encoding histone 

variant H3.3b) (Fig 2.1). Hence, animals containing this target knock-in will produce H3.3B-

EGFP fusion proteins. 

 

 

Fig 2.1. Schematic illustration of H3.3B-EGFP knock-in targeting. The EGFP construct was inserted 

downstream of the coding sequence of the H3.3b gene. This figure is adapted with permission from 

“Continuous Histone Replacement by Hira Is Essential for Normal Transcriptional Regulation and De 

Novo DNA Methylation during Mouse Oogenesis” Nashun, Hill et al., (Nashun et al., 2015a)  
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2.1.2.2 HIRA homozygous conditional knockout H3.3B-EGFP mice 

HIRA homozygous knock-out mice are embryonic lethal (Roberts et al., 2002). No 

homozygous mutant mice survived until weaning. The breeding strategy used to obtain mice 

with a HIRA deletion specific for T cells was produced by Dr Philip Wise (GCMD, Imperial 

College London) (Nashun et al., 2015b) (Fig 2.2) A conventional knock out for HIRA (HIRA 

KO) was obtained from Prof. Peter Scambler (Roberts et al., 2002). Heterozygous mice for the 

conditional knock out allele (CKO+/-) for HIRA were obtained from WTSI Mouse Genetics 

Program. In the present project, mice with heterozygous conditional knock out of HIRA and 

heterozygous of Cre (HIRA CKO+/-, Cre+/-) were generated by mating the heterozygous 

knock out of HIRA with Cre (HIRA KO+/-, Cre+/+) mice (Cre expression is under the control 

of CD4 promoter) with the heterozygous conditional knockout of HIRA (HIRA CKO+/-) mice. 

By interbreeding these mice, mice with homozygous conditional knock out of HIRA (HIRA 

CKO-/-) were generated. Mice with homozygous conditional knock out of HIRA and 

expressing H3.3B-EGFP (HIRA CKO-/-, H3.3B-EGFP +/-) were generated by mating the 

HIRA CKO-/- mice with the H3.3B-EGFP knock in mice (H3.3B-EGFP +/-). Accordingly, it 

was expected that the floxed HIRA exon 4 would be deleted in T cells. Fig 2.3 illustrates the 

mating scheme of this line. Thymus, Lymph node and Spleen used were taken from 6-8 weeks 

old mice. 

 

 

Fig 2.2. Schematic illustration of HIRA locus targeting. This figure is adapted with permission from 

“Continuous histone replacement by HIRA is essential for normal transcriptional regulation and de 

novo DNA methylation during mouse oogenesis” Nashun, Hill et al., (Nashun et al., 2015b) 
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Fig 2.3. Schematic diagram demonstrating the mating scheme of the HIRA H3.3B-EGFP mice.  Mice 

with heterozygous conditional knockout of HIRA and heterozygous of Cre (HIRA CKO+/-, Cre+/-) were 

generated by mating the heterozygous knockout of HIRA with Cre (HIRA KO+/-, Cre+/+) mice with 

the heterozygous conditional knockout of HIRA (HIRA CKO+/-) mice. By interbreeding these mice, 

mice with homozygous conditional knock out of HIRA (HIRA CKO-/-) were generated. Mice with 

homozygous conditional knockout of HIRA and expressing H3.3B-EGFP (HIRA CKO-/-, H3.3B-EGFP 

+/-) were generated by mating the HIRA CKO-/- mice with the H3.3B-EGFP knock-in mice (H3.3B-

EGFP +/-).   

 

 

2.1.2.3 HP1γ knockout (HP1γ-KO) mice 

HP1γ KO mice were generated with a gene-trap method, in which, a single gene-trap retroviral 

vector (ROSAN β-geo) was inserted into intron 1 (998bp downstream of exon 1) of the Cbx3 

gene (encoding HP1γ) (Naruse et al., 2007) (Fig 2.4). With this insertion, a fusion transcript 

containing HP1γ exon 1 and β-geo of the gene-trap vector is generated, and transcription 
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stopped prematurely at the inserted polyadenylation site (poly A). Thus, functional HP1γ 

protein cannot be produced. HP1γ KO mice were originally on a C57BL/6 background which 

were then back-crossed at least ten times on to the CBA/ca background.   

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 2.4. Schematic diagram illustrating the insertion site of the gene-trap vector in the Cbx3 gene in 

the HP1γ KO mice. A single gene-trap retroviral vector (ROSANβ-geo) was inserted into intron 1 of 

the Cbx3 gene. Insertion leads to generation of non-functional HP1γ protein. PCR primers for 

genotyping are indicated by bold arrows on top: HP1γ common forward (F), HP1γ wild type reverse 

(wtR), HP1γ mutant reverse (mtR). This Figure is adapted with permission from “HP1gamma links 

histone methylation marks to meiotic synapsis in mice” Takada, Y et al. (Takada et al., 2011) 

 

 

2.1.2.4 HP1γ knockout H3.3B-EGFP (HP1γ KO H3.3B-EGFP) mice 

 

HP1γ H3.3B-EGFP mice having heterozygous knock out of HP1γ (HP1γ +/-) and expressing 

H3.3B-EGFP fusion protein (H3.3B-EGFP +/-) were generated by mating the HP1γ KO mice 

(HP1γ +/-) with the H3.3B-EGFP mice (H3.3B-EGFP +/-). By interbreeding these mice, E13.5 

embryos which express the H3.3B-EGFP fusion protein and are either wild type (HP1γ +/+, 

H3.3B-EGFP +/-) or homozygous knock out for HP1γ (HP1γ -/-, H3.3B-EGFP +/-) were 

generated. Mouse embryonic fibroblasts (MEFs) were subsequently derived from these 

embryos and used for experiments in this thesis. Fig 2.5 illustrates the mating scheme of this 

line.  
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Fig 2.5. Schematic diagram demonstrating the mating scheme of the HP1γ/H3.3B-EGFP mice.  Mice 

with heterozygous knockout of HP1γ and expressing H3.3B-EGFP (HP1γ +/-, H3.3B-EGFP +/-) were 

generated by mating the HP1γ KO mice (HP1γ +/-) with the H3.3B-EGFP knock-in mice (H3.3B-EGFP 

+/-).  By interbreeding these mice, E13.5 embryos with either WT or homozygous knock out HP1γ which 

express H3.3B-EGFP fusion protein were generated and MEFs were then derived from these embryos. 

 

 

 

 

 

 

 

 

 

 



88 
 

2.2 Generation of Mouse Embryonic Fibroblasts (MEFs) 

The uterus was obtained from pregnant female mice that were sacrificed at day 13.5 of gestation 

(E13.5) (considering the day of vaginal plug found as day 0) and placed in cold 1x PBS. 

Embryos were removed from the uterus and transferred to a fresh petri dish containing cold 1x 

PBS. Under the light microscope, placenta and yolk sack were separated from the embryo and 

internal organs were removed. The body of the embryo was transferred to 1ml of PBS and 

finely minced. 1.5 ml of 0.25% trypsin-EDTA (Sigma) was added to the suspended tissue and 

incubated at 37°C for 1.5min. To inactivate trypsin, 10ml of culture medium was added to the 

suspension and the sample was passed through a 0.7µm cell strainer. Then 10ml culture 

medium was used to rinse the cell strainer, giving a final cell suspension volume of 22.5ml. 

Cells in the suspension were then collected by centrifugation at 300g at 23°C for 5min. The 

supernatant was discarded, and the cell pellet was resuspended in 5ml culture medium and then 

transferred to a 6cm culture dish and incubated overnight (O/N) at 37°C, 5% CO2. Next day, 

culture medium was replaced with fresh culture medium. The cells were then cultured and 

expanded according to growth rate.  Culturing conditions and details of genotyping can be 

found in later sections.  
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2.3 Cell culture  

2.3.1 Culturing and passaging  

2.3.1.1 Mouse embryonic fibroblasts (MEFs)  

MEF cells were cultured until 95% confluent in 10cm dishes. Culture media were discarded, 

and the cells were washed once with 1x PBS at room temperature. Cells were detached by 

adding 1ml of 0.25% Trypsin-EDTA per dish followed by 3 min incubation at 37ºC for 5 min. 

Trypsin was inactivated by addition of 5ml culture media and the cells were transferred to 

Falcon tubes. The cells were collected by centrifugation at 300g at 23°C for 5 min. Supernatant 

was discarded and the cell pellet was re-suspended in fresh culture media. 1/3 of cells were 

seeded into each fresh 10cm dish with final culture media volume as 10ml and cultured at 37ºC, 

5% CO2. 

 

2.3.1.2 TX1072 female embryonic stem cell (ESC) line  

This is a genetically polymorphic ESC line that was derived in Neil Brockdorff’s lab (Oxford) 

from a mouse with one X-chromosome (X-chr) from the Mus musculus castaneus (Cast) origin 

and the other of Mus musculus domesticus, C57BL/6 (BL6) strain origin, containing an 

inducible promoter on the BL6 Xist allele; Differentiation and simultaneous induction of Xist 

for 4 days results in the inactivation of only the BL6-derived X-chromosome and coating by 

JARID2 (Jumonji And AT-Rich Interaction Domain Containing 2) protein. This generates cells 

with non-random X-inactivation on the BL6 allele which can then be identified by single 

nucleotide polymorphisms (SNP). Culturing and passaging conditions are the same as MEFs 

in section 2.3.1.1. 
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2.3.2 Culture medium 

DMEM high glucose (GIBCO ®), Fetal bovine serum (Sigma) (15% v/v), Penicillin (GIBCO 

®) (1% v/v), GlutaMAXTM-I 100x (GIBCO ®) (1% v/v). 
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2.4 MEF cell proliferation assay 

To determine the effect of HP1γ knock out on MEF cell proliferation in both sexes, a cell 

proliferation assay was used to compare the cell proliferation rate in the different genotypes. 

The same number of cells (1 x 10^5) were seeded in 12-well plates in each passage when sub 

culturing MEFs. After 3 days incubation, the total cell number (Nx) in each well was counted 

by Muse® machine. 50μl MEFs were obtained and diluted in 450μl Guava ViaCount® solution 

(Guava Technologies®, USA) (10 times dilution). After 1 min incubation, samples were 

vigorously mixed and analysed with a Muse® Cell Analyzer. Then, the population doubling of 

MEFs was calculated by the following formula: 

 

Population doubling in each passage = log2 (Nx/10^5) 

Accumulative population doubling = Sum (P1: Px) 
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2.5 Propidium Iodide (PI) Staining for Cell-cycle Analysis 

To investigate the effect of HP1γ KO on cell cycle, MEFs were stained by PI, a nucleic acid-

binding fluorescent molecule. Firstly, 1x 10^6 MEFs were harvested and washed by 1x PBS at 

1500rpm for 5min. Then, resuspend cells in 100μl 1x PBS followed by adding cell suspension 

to 1ml 70% ethanol (pre-stored at -20°C) drop by drop. After overnight incubation at -20°C, 

the samples were spun at 600g for 5min at 4°C and the supernatant was discarded. 

Subsequently, the cell pellet was washed by 1x PBS at 600g for 5 min at 4°C. Then, the pellet 

was resuspended in 250μl 1x PBS containing 5μl RNAse A (10mg/ml) and incubated at 37°C 

for 30min to remove the RNA in cells. After incubation, cells were washed with 1x PBS and 

centrifuged at 600g for 5min at 4°. 350μl PI solution (50 μg/ml, Calbiochem®, USA) was 

added to resuspend the cell pellet and the sample was incubated at room temperature for 10 

min. The fluorescence of stained cells was detected by fluorescent activated cell sorter (FACS) 

BDTM LSR and gated according to viable single cell population. Cell cycle of the sample was 

further analyzed by FlowJo® using a Watson model. The stage of cell cycle can be 

distinguished according to DNA content. 
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2.6 Genotyping  

For genotyping of transgenic mice, ear clips were lysed in 200µl of lysis buffer (0.1M Tris HCl 

pH8.0, 5mM EDTA pH8.0, 0.2M NaCl, 0.2% SDS) added freshly with proteinase K (200 

μg/ml) (Roche). DNA from samples were extracted and purified with phenol/chloroform (see 

section 2.7) and precipitated with ethanol.  Precipitated DNA was resuspended in sterile water 

and used for PCR genotyping with Biotaq DNA polymerase (Bioline). PCR products were 

analyzed by running in DNA agarose gel electrophoresis. List of primers used can be found in 

later section 2.21.  

 

2.6.1 Genotyping PCR conditions  

2.6.1.1 HIRA genotyping  

This PCR was performed to determine whether the transgenic mice are WT or homozygous 

condit ional  knock out of HIRA. PCR on HIRA WT mice will give a single band of 417 bp. 

PCR on HIRA HOM CKO mice will give a single band at 291bp. PCR on HIRA 

heterozygous KO will give two bands at 417bp and 291bp. Examples of PCR results can 

be found in Fig S1 in Appendix. 
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PCR reaction mix: 

Component (Qiagen) 

10x NH4 reaction buffer 

MgCl2 (25mM)  

dNTPs (10mM)  

HIRA 44760 (F) (10mM)  

HIRA 44760 (R) (10mM)  

DNA template 

Taq DNA polymerase 

Water 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

2μl 

0.6μl 

0.4μl 

0.2μl 

0.2μl  

(35ng) 

0.2μl 

Up to 25μl 

 

 

 

PCR condition: 

 

 

Cycles Tempera

ture 

 Time 

1 94 ºC  5 min 
34 94 ºC  30 sec 
 56 ºC  30 sec 
 72 ºC  30 sec 
1 72 ºC  5 min 
1 12 ºC  hold 
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2.6.1.2 Cre genotyping  

This PCR was performed to determine whether the transgenic mice contain Cre recombinase 

expression on one allele under control of murine CD4 promoter in Thymus. PCR on DNA 

from mice with this knock in construct will give a single band of 148bp whilst DNA from 

WT mice show no band. Examples of PCR results can be found in Fig S1. 

 

PCR reaction mix: 

Component (Bioline) 

10x NH4 reaction buffer 

MgCl2 (50mM)  

BSA (10mg/ml)  

dNTPs (10mM)  

Cre617 (F) (10mM)  

Cre765 (R) (10mM)  

DNA template 

Taq DNA polymerase 

Water 

 

 

 

 2.5μl 

1.25μl 

0.75μl 

0.5μl 

0.5μl 

0.5μl  

(35ng) 

0.1μl 

Up to 25μl 

 

 

 

 

 

 

 

 

 

 

 

PCR condition: 

 

 

Cycles Temperat

ure 

 Time 

1 94 ºC  2 min 
20 94 ºC  30 sec 
 65 ºC 

 

 

 

( 

 

 1 min 30 sec 
 (-0.5°C) 

per cycle 

  

 70 ºC  2 min 
23 94 ºC  30 sec 
 55 ºC  1 min 30 sec 
 70 ºC  2 min 
1 70 ºC  7 min 
1 10 ºC  hold 
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2.6.1.3 EGFP genotyping 

This PCR was performed to determine whether the transgenic mice contain H3.3B- 

EGFP knock-in constructs. PCR on DNA from mice with this knock-in construct will 

give a single band of 272bp whilst DNA from WT mice will give no band. Examples 

of PCR results can be found in Fig S1. Confirmation of EGFP fusion protein in H3.3B-

EGFP transgenic mouse thymocytes by flow cytometry (FACS) is showing in Fig S2.   

 

PCR reaction mix: 

Component (Bioline) 

10x NH4 reaction buffer 

MgCl2 (50mM) BSA 

(10mg/ml)  

dNTPs (10mM)  

GFP (F) (10mM)  

GFP (R) (10mM)  

DNA template 

Taq DNA polymerase 

Water 

 2.5μl 

1.25μl 

0.75μl 

0.5μl 

0.5μl 

0.5μl  

(35ng) 

0.2μl 

Up to 25μl 

 

 

 

PCR condition: 

 

 

Cycles Tempe

rature 

 Time 

1 96 ºC  5 min 
35 96 ºC  30 sec 
 65 ºC  30 sec 
 72 ºC  30 sec 
1 72 ºC  10 min 
1 12 ºC  hold 
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2.6.1.4 HP1γ genotyping 

This PCR was performed to determine whether the transgenic mice or embryos are 

WT, heterozygous or homozygous knock out of HP1γ. PCR on HP1γ WT mice will give 

a single band of 501bp in WT allele PCR and no band for the mutant allele PCR. PCR on 

HP1γ KO mice will give a single band of 525bp for the mutant allele PCR and no band 

for the WT allele PCR. PCR on heterozygous HP1γ KO mice will have both 501bp 

and 525bp bands. Examples of PCR results can be found in Fig S1. 

 

PCR reaction mix: 

Component (Bioline) WT allele PCR Mutant allele PCR 

10x NH4 reaction buffer 2.5μl 2.5μl 

MgCl2 (50mM) 1.25μl 1.25μl 

BSA (10mg/ml) 0.75μl 0.75μl 

dNTPs (10mM) 0.5μl 0.5μl 
HP1γ common forward(10mM) 0.5μl 0.5μl 

HP1γ wild-type reverse (10mM) 0.5μl 0μl 

HP1γ mutant reverse (10mM) 0 μl 0.5μl 

DNA template 

Taq DNA polymerase 

(50ng) 

0.2μl 

(50ng) 

0.2μl 

Water Up to 25μl Up to 25μl 

    

PCR condition: 

Cycles Temperature Time 

1 96 ºC 3 min 
5 96 ºC 

70 ºC (-1 ºC/cycle) 

15 sec 

15 sec 

          

30 

72 ºC 

96 ºC 

40 sec 

15 sec 
    58 ºC 15 sec 
 

1 

72 ºC 

72 ºC 

45 sec 

10 min 
1 12 ºC hold 
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2.6.1.5 Kdm5d genotyping for sex determination of embryos 

To determine the sex of the embryos harvested for generation of MEFs in this thesis, 

PCR on the Y chromosome gene Kdm5d was performed. PCR on DNA from male mice 

will give a single band of 597bp while DNA from female mice show no band. Examples 

of PCR results can be found in Fig S1. 

 

PCR reaction mix: 

Component (Bioline) 

10x NH4 reaction buffer 

MgCl2 (50mM)  

BSA (10mg/ml)  

dNTPs (10mM)  

Kdm5d (F) (10mM)  

Kdm5d (R) (10mM)  

DNA template 

Taq DNA polymerase 

Water 

 2.5μl 

1.25μl 

0.75μl 

0.5μl 

0.5μl 

0.5 μl 

(25ng) 

0.2μl 

Up to 25μl 

  

 

 

PCR condition: 

Cycles Temperatur

e 

 Time 

1 96 ºC  5 min 
35 96 ºC  30 sec 
 60 ºC  30 sec 
 72 ºC  15 sec 
1 72 ºC  10 min 
1 12 ºC  hold 
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2.7 Phenol/Chloroform extraction and purification of DNA 

DNA in aqueous solution was extracted and purified with equal volumes of phenol/chloroform 

solution (phenol:  chloroform:  isoamyl alcohol (25:  24:  1)). Samples were mixed vigorously 

and centrifuged at 12,000g, 4°C for 15min. Upper aqueous layer was obtained, and the DNA 

was precipitated by mixing with 1:10 volume of 3M of sodium acetate (NaOAc) at pH 5.2 and 

excess of absolute ethanol. The samples were then incubated at -20°C or -80°C for at least 1 

hour and centrifuged at 12,000g 4°C for 30min. The precipitated DNA pellet was then washed 

with 500ul of 70% ethanol and centrifuged at 12,000g 4°C for 15min. The DNA pellet was air-

dried and resuspended in DNAse-free water.  DNA concentration was estimated by 

NanoDrop® Spectrophotometer ND-1000 with ND-1000 v3.3.1 software. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



100 
 

2.8 Total RNA Extraction  

Total RNA from MEFs and mouse thymus were extracted using TRIZOL® Reagent 

(Invitrogen) following the protocol provided. 0.5 x 10^6 MEF cells or thymocytes were used 

per RNA extraction reaction. Cells were pelleted by centrifugation at 300g, room temperature 

for 5min and lysed with 1ml TRIZOL® Reagent. For mouse thymus, frozen tissue samples 

were homogenized using the IKA ultra-turret T25 homogenizer at highest power in 1ml 

TRIZOL® Reagent. Samples were then centrifuged at 12,000g, 4 ºC for 5min. After the fatty 

top layer was removed, the clear homogenate solution was transferred to a fresh tube. Both 

homogenized cell and tissue samples were incubated for 5min at room temperature. 

Afterwards, 200μl chloroform per 1ml TRIZOL® Reagent was added to each sample which 

was vigorously shaken for 15sec. Samples were incubated at room temperature for 5 min and 

centrifuged at 12,000g, 4 ºC for 15min. The aqueous phase was then transferred to a fresh tube 

and mixed with 500μl isopropanol per 1ml TRIZOL® Reagent. Samples were incubated at 

room temperature for 10min and centrifuged at 12,000g, 4 ºC for 25min. Supernatant was 

discarded and 1ml 70% ethanol per 1ml TRIZOL® Reagent was added to the precipitated RNA 

pellet. Samples were mixed by vortex and centrifuged at 7500g, 4 ºC for 15min. Supernatant 

was discarded, and the RNA pellets were air-dried followed by DNase treatment with 

Ambien® DNA free kit (Invitrogen), in which, the air-dried RNA pellet was resuspended in 

40μl  master  mix containing 33μl RNase free water,  2μl Superjacent RNase inhibitor (Thermo 

Fisher Scientific), 4μl 10x DNase I buffer and 1μl DNase I followed by subsequent incubation  

at 37ºC for 30min. Reactions were then stopped by addition of 4μl of inactivation reagent to 

the samples and incubation at room temperature for 2min. Samples were centrifuged at 10,000g 

for 2min and 35μl supernatant containing the isolated RNA was retained for subsequent 

analysis or stored at -80°C. 
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2.9 Complementary DNA (cDNA) synthesis and amplification  

ThermoScript® kit (Invitrogen) was used to reverse transcribe the total RNA extracted (with 

TRIOZOL® Reagent) into complementary DNA (cDNA) using a non-gradient cycler PCR 

machine (Peltier Thermal Cycler (PTC-200, BIORAD)). 1-2 mg of RNA was incubated at 65°C 

for 5min with 50ng of random hexamer and 2μl of 10mM dNTP. 4μl of cDNA synthesis buffer 

(5x), 1μl of DTT (0.1M) and 1μl of Thermo Script TM reverse transcriptase (15U/μl) was 

added to the reaction and incubated at 50°C for 60min and then at 85°C for 5 min. cDNAs 

generated were then analyzed using quantitative real time polymerase chain reaction (QRT-

PCR) or stored at -20°C. 
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2.10 Chromatin Immunoprecipitation (ChIP)  

2.10.1 Thymocytes 

 

3x10^7 thymocytes/ChIP reaction were fixed by 1.42 % formaldehyde (Sigma, UK). Fixed 

cells were lysed by resuspension in 1ml IP buffer containing protease inhibitors (5 μl of 

protease inhibitor cocktail (Sigma, UK) and 50 μl PMSF added to 10 ml IP buffer). The nuclei 

were recovered by centrifugation at 12,000g, 4℃ for 2 min and the pellet was washed with 1ml 

IP buffer (with protease inhibitors). To shear the chromatin, the washed pellet was re-

suspended in 1 ml IP buffer (with protease inhibitors) and sonicated (sonicator model 

Bioruptor, Diagenode) for 45 min at a high power with alternating pulses. Sonicated material 

was then centrifuged at 16,000g, 4°C for 30min and the sheared chromatin in the supernatant 

was retained. 50μl chromatin sample was reverse crosslinked by adding 100μl water, 5μl 

proteinase K (10μg/μl) and 6μl 5M Nalco and incubated at 65°C for 4 hours. Sonication 

efficiency was checked on agarose gel (see Fig S3 for representative sonication gel picture). 

For immunoprecipitation, the antibody of choice was added at the recommended concentration 

and sonicated for 45 min at low power. Subsequently the chromatin was centrifuged at 12,000g, 

4℃ for 10 min. Top ~90% of cleared chromatin was added in the tubes with 50μl Dynabeads 

Protein G (Invitrogen, Norway cat. 100.04D) washed 3 times with IP buffer (with inhibitors) 

and incubated overnight on a rotating wheel at 4℃ for binding.   

 

2.10.2 MEFs 

 

1.8x10^6 MEFs were seeded in each 10cm tissue culture dish and incubated at 37°C, 5% CO2 

overnight to obtain about 2.5x10^6 cells per dish the following day. The culture medium per 

dish was adjusted to 10ml and the cells were fixed in 1% formaldehyde at room temperature 

for 10min. The formaldehyde fixation reaction was quenched by adding glycine for a final 

concentration of 125mM glycine for 5min at room temperature. The cells were washed three 
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times by ice-cold PBS and incubated in 4ml swelling buffer at 4°C for 10min. Cells were 

collected by scraping and the nuclei were isolated using a dunce homogenizer with tight pestle 

(40 strokes). Nuclei were then collected by centrifuging at 3,000g, 4°C for 5min. To generate 

chromatin, nuclei pellet generated from 10^7 cells was resuspended in 1ml sonication buffer 

and transferred to a 15ml polystyrene tube.  The nuclei suspension was sonicated using a 

Disruptor® (Diagnose) for 20min at high energy with alternating pulses. Sonicated material 

was then centrifuged at 16,000g 4°C for 30min and the sheared chromatin in the supernatant 

was retained. 50μl chromatin sample was reverse crosslinked by adding 100μl water, 5μl 

proteinase K (10μg/μl) and 6μl 5M Nalco and incubated at 65°C for 4 hours. Sonication 

efficiency was checked on agarose gel (Fig S3). For immunoprecipitation, specific antibodies 

were added to 200μl chromatin aliquots (equivalent to 2x10^6 cells) and incubated in the 

Disruptor® for 45min, at low energy with alternating pulses. Samples were centrifuged at 

12,000g, 4°C for 10min and the supernatant was added to 50μl Nanobeads® Protein G 

(Invitrogen) washed three times with sonication buffer and incubated overnight at 4°C.  

 

For both thymocytes and MEFs, after the incubation with beads, the next day, beads with 

antibody-chromatin complex were washed once with each sonication buffer, wash buffer A, 

wash buffer B and twice with 1 x TE buffer for 5min, 4°C with rotation. Elution of immune 

complexes and purification of DNA were performed using IPure Kit (Diagenode).  In brief, 

100μl of elution buffer (composed of 96.2% buffer A and 3.8% buffer B from kit) was added 

to washed beads and incubated at 65°C for at least 4h with continuous shaking. For the input 

sample, 10μl of chromatin samples were mixed with 90μl elution buffer prepared as stated 

above and incubated at 65°C for at least 4h with continuous shaking. Supernatant was obtained 

and mixed with 2μl of ‘carrier’ provided by the kit and 100μl of 100% isopropanol. 15μl of 

DNA-binding magnetic beads was then added to each sample and incubated at room 
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temperature for 1h with rotation.  The supernatant was discarded, and beads/DNA complexes 

were washed once with 100μl wash buffer 1 and then wash buffer 2 for 5min at room 

temperature with rotation. Captured DNA was eluted by incubating twice with 25μl buffer C 

from the kit at room temperature for 15min and giving sample with total volume of 50μl. 

Samples were then used for downstream applications (QRT-PCR or ChIP-sequencing library 

preparation) or stored at -20°C until further use.  A list of antibodies used in ChIP can be found 

in section 2.22.  
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2.11 Quantitative real-time polymerase chain reaction (QRT-PCR) 

Quantitative real-time polymerase chain reaction (QRT-PCR) was used to analyses samples 

from ChIP experiments and check the expression level of genes after RNA extraction and 

cDNA synthesis. QRT-PCR reactions were prepared using SYBR® Green JumpstartTM Taq 

ReadyMixTM (Sigma-Aldrich®) and performed in Low 96-well White Multiplate® PCR 

platesTM (BIORAD). 

PCR reaction mix: 

Component 

SYBR®  10μl  
Forward primer (10mM) 

Reverse primer (10mM) 

DNA template 

Water 

Total 

 0.5μl 

0.5μl 

Δ 

Up to 20μl 

20μl 

 

 

PCR condition: 

Cycles Temperature  Time 

1                                        95 ºC                                    10 min 

40                                       95 ºC                                    30 sec 

                                           58 ºC                                    30 sec 

                                           72 ºC                                    30 sec                         

1                                         80 ºC                                    1 sec (Plate read)                

1                                         82 ºC                                    1 sec (Plate read)                         

1                                         85 ºC                                    1 sec (Plate read) 

Melting curve read from 70℃ to 96 ºC, read every 0.5 ºC, hold 1sec 

 

Full list of primers used for QRT-PCR can be found in section 2.21. The efficiency of all 

the primers used in this thesis were calculated by a standard curve generated by QRT-PCR 

on serial diluted DNA samples. Efficiency of primers in percentage were calculated by the 

formula: 

Primer efficiency (%) = (10(-1/slope)-1) *100 
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where the slope is the slope of the standard curve generated. This value represents the 

increased amount of PCR product after each PCR cycle. All primers used in this thesis have 

primer efficiency of 90-110%.  
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2.12 ChIP sequencing (ChIP-seq) library preparation and sequencing  

ChIP-seq libraries were prepared using the NEBNext® UltraTM DNA Library Prep Kit for 

Illumina® (#E7370, New England BioLabs®). Input and ChIP DNA were estimated by 

Quant-iT™ PicoGreen® dsDNA Assay (#11496, InvitrogenTM). 8ng of DNA was obtained 

per ChIP-seq library preparation reaction. End repair reaction was prepared as follow: 

 

End repair reaction mix: 

Component of end repair reaction 
End Prep Enzyme Mix 

End Repair Reaction Buffer (10X) 

Input/ChIP DNA 

Water 

Total 

3μl 

6.5μl 

(8-10ng)  

Δ 

65μl 

 

End repair reaction samples were incubated at 20°C for 30min, 65°C for 

30min and held at 4°C. Sequencing adaptor ligation was then performed as 

follow: Adaptor ligation reaction mix: 

Component of adaptor ligation 
End-repaired DNA sample 

Blunt/TA Ligase Master Mix 

NEBNext® Adaptor for Illumina® 

(1.5µM) * 

Ligation Enhancer 

Total 

65μl 

15μl 

2.5μl 

 

1μl 

83.5μl 

*NEBNext® Multiplex Oligos for Illumina® (#E7335, New England 

BioLabs®) 

 

Samples were incubated at 20°C for 15min. 3μl of the USERTM Enzyme was added to each 

ligation reaction samples and incubated at 37°C for 15min. 

 



108 
 

To clean up adaptor-ligated DNA, 86.5μl of Agencourt AMPure®XP Beads (#A63881, 

Beckman Coulter) was added to each sample and incubated at room temperature for 5min. 

Supernatant was discarded, and the beads were washed twice with 200μl freshly prepared 

80% ethanol. Beads were air-dried for 5min and the bound-fraction was eluted in 20μl 0.1 

x TE.
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Cleaned-up adaptor ligated DNA samples were enriched by PCR amplification as follows: 

 

PCR amplification reaction mix: 

Component 

Adaptor Ligated 

NEBNext® High Fidelity 2X PCR 

Master Mix 

Index Primer* 

Universal PCR Primer* Total 

20μl 

25μl 

2.5μl 

2.5μl 

50μl 

 

*NEBNext® Multiplex Oligos for Illumina® (#E7335, New England 

BioLabs®) 

 

 

 

PCR condition: 

Cycles Temperature  Time 
1 98 ºC  5 min 
12 98 ºC  10 sec 
 65 ºC  30 sec 
 72 ºC  30 sec 
1 72 ºC  5 min 
1 4 ºC  hold 

 

Enriched DNA samples were resolved in 2% agarose gels (prepared with 0.5 X TAE). DNA 

fragments of 200-400bp were extracted and cleaned up by a QIAquick® Gel extraction kit 

(#28706 Qiagen) following manufacturer’s   protocol. Prior to sequencing, the purified DNA 

fragments were analyzed with the Agilent 2100 Bioanalyzer using High Sensitivity DNA 

Analysis Kits (#5067-4626, Agilent Technologies, Inc.)  following the manufacturer’s 

protocol (see Fig S7 for representative Bioanalyzer result).  Samples of enough quality were 

sequenced with HiSeq 2500 (Illumina®). 

 

 

2.13 ChIP sequencing analysis 

ChIP-seq reads were aligned to the mouse genome version mm9 using bwa version 0.7.5a. 

Peak calling was performed using macs/1.4.1. Quality control plot and statistics were generated 
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using ChIP QC package from Bioconductor (Carroll et al., 2014). Feature visualization and 

normalizations were carried out with soGGi package from Bioconductor (Dharmalingam G, 

2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



111 
 

2.14 Co-immunoprecipitation (Co-IP)  

6 x 10^6 MEFs were used per Co-IP experiment. Cells were pelleted at 300g, room temperature 

for 5min and washed once with 500μl buffer A, followed by centrifugation at 300g, 4°C for 5 

min. Supernatant was discarded and cell pellets were lysed with 500μl buffer A containing 

0.2% Triton X-100 and incubated on ice for 10 min. Samples were then centrifuged at 600g, 

4°C for 5 min and the nuclei pellets were obtained. Nuclei were resuspended in 250μl of buffer 

A containing 2mM CaCl2 and 1U of Micrococcal Nuclease (MNase) (Sigma) and incubated at 

1400rpm, 4°C for 50 min. The reaction of MNase was stopped by addition of EGTA to a final 

concentration of 10mM. 5M NaCl was added to each sample to a final concentration of 340mM 

and the samples were incubated at 4°C for 60 min with gentle mixing. Samples were 

centrifuged at 8,000g, 4°C for 5min and the supernatants (nuclear extract) were obtained. 

Equilibration buffer was added to each sample to lower the salt concentration to 150mM NaCl. 

For immunoprecipitation, specific antibody was mixed with nuclear lysate and 50μl Protein G 

Dynabeads® (Invitrogen) washed three times with buffer A. Samples were then incubated 

overnight at 4°C. Beads were then washed three times in 200μl wash buffer by vortexing. 

Immunoprecipitated material was eluted in 30μl SDS sample buffer and boiled for 10min. 

Dithiothreitol (DTT) was then added to final concentration of 1mM and boiled again for 10min. 

Samples were then analyzed by western blotting. Details of antibodies used for 

immunoprecipitation can be found in section 2.22. 
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2.15 Protein extraction  

Protein lysate used for experiments in this thesis was prepared using RIPA buffer 

(supplemented with protease inhibitors freshly before use) and the protein concentration was 

estimated using a bovine serum albumin (BSA) dilution standard curve with the Bradford 

Protein Assay (BIO-RAD). Prior to loading into the gel for western blotting, protein sample 

were mixed 1:1 with 2x Laemmlli buffer and denatured by heating at 100°C for 10min. Protein 

samples were stored at -20°C. 
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2.16 Western blotting  

10-30μg of denatured protein samples were resolved in denaturing SDS-PAGE gels prepared 

as follow using the BIO-RAD Mini-PROTEAN® Tetra Systems (BIO- 

RAD) with 1mm plate separation. 

 Resolving gel 

(12.5%) 

Stacking gel (4%) 

Water 3.125ml 6ml 
30% Acrylamide 

1.5M Tris pH8.8 

0.5M Tris pH6.8 

4.17ml 

2.5ml 

0ml 

1.33ml 

0ml 

2.5ml 10% SDS 

10% ammonium persulphate (APS) 

Tetramethylethylenediamine 

(TEMED) 

100μl 

100μl 

10μl 

100μl 

100μl 

10μl Total 10ml 10ml 

 

Protein samples were resolved by running the SDS-PAGE gel at 150V for 70-90min. After 

electrophoresis was completed, the SDS-PAGE gel was then incubated in 1x transfer buffer. 

The transfer stack was prepared by sandwiching the SDS-PAGE gel and the Hybond-N+ 

PVDF membrane (GE Healthcare) (activated by incubating in 100% methanol for about 

2min and subsequently rinsed with 1x transfer buffer) with 3 pieces of Whatman 3MM filter 

papers on either side and placed into the Mini Trans-Blot® system (BIO-RAD) with the PVDF 

membrane and the SDS-PAGE gel facing the negative and positive electrode respectively. 

Protein in the SDS-PAGE gel was transferred to the membrane at 100V, 4°C for 1h. After 

transfer, the membrane w a s  blocked for  1 hour at  room temperature w i t h  5% milk 

(in PBST/TBST). Primary antibody diluted in 5% milk or 5% BSA (in PBST/TBST) was 

added to the membrane and incubated at room temperature for 2 hours or 4°C overnight.  The 

membrane was then washed three t imes  for  10min at  room temperature with PBST or 

TBST and incubated with horseradish peroxidase (HRP) - conjugated secondary antibody 

diluted in 5% milk (in PBST/TBST) for 1 hour at room temperature.  Next, the membrane 

was washed three times with PBST or TBST for 10min at room temperature and the blot 
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was developed using AMER sham ECL Prime Western Blotting Detection Reagent (GE 

Healthcare) following the manufacturer’s protocol in the darkroom. A list of antibodies 

used in western blotting can be found in section 2.22. 
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2.17 Fluorescence activated cell sorting (FACS) 

T cells expressing H3.3B-EGFP derived from thymus or mesenteric lymph nodes were washed 

in 1 x PBS and then centrifuged at 300rpm, 4°C for 7 min. Single cell suspensions obtained 

from lymphatic tissues were stained with 50 g/ml CD4-PE, CD8-APC, CD44-PECY5, CD62L-

FITC, CD19-PE, TCRβ-FITC antibodies on ice for 30 min and analyzed using a flow cytometer 

(FACS Caliber; BD Biosciences, Mountain View, CA). For CD71 cell sorting process, CD4-

PE, CD8-APC and CD71-BV42 antibodies were used to select the CD71- double positive (DP) 

cells. Two size gates were set for selecting the lymphocytes by forward - and side - scatter 

(FSC & SSC) on the total cell population and small DP cells by using FSC and SSC on CD4/8 

DP CD71- gated cells. A list of antibodies used in FACS can be found in section 2.22. 

 

 

2.18 K means clustering for analyzing protein network  
 

K-means clustering uses the Hartigan–Wong algorithm which was performed in R following a 

schematic step to identify and confirm protein groups that clustered together with feature 

similarity (Dickinson et al., 2018). This method has been applied in the analysis of mass 

spectrometry data following the co-immunoprecipitation materials in this thesis (collaboration 

with Axel Imhof, Munich). 
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2.19 Multivariate analysis of transcript splicing (MATS)   
 

MATS is a computational tool to detect differential alternative splicing events from RNA-Seq 

data. The statistical model of MATS calculates the P-value and false discovery rate (FDR) that 

the difference in the isoform ratio of a gene between two conditions exceeds a given user-

defined threshold. From the RNA-Seq data, MATS can automatically detect and analyze 

alternative splicing events corresponding to all major types of alternative splicing patterns. 

MATS processes replicate RNA-Seq data from both paired and unpaired study design.  

 

2.20 Mass spectrometry (MS) 
 

To identify proteins binding to HP1γ, Co-IP followed by western blot were performed on MEFs 

(both sexes). Input, HP1γ IP, IgG IP and unbound fractions were obtained for western blot for 

the confirmation of HP1γ presence. Next the western blot materials were sent to our 

collaborator, Axel Imhof (LMU Munich) for further MS analysis. Protein network was 

analyzed according to the string database (http://string-db.org), network after K means 

clustering proteins into groups with feature similarities. 
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2.21 Lists of primers  

2.21.1 List of primers used for genotyping 

Primer name Purpose  Primer sequences (5’-3’) 

HIRA forward HIRA genotyping  CATGTCTCAGATTGG

TGCTGTG 

HIRA reverse HIRA genotyping  GGATGTCTTTCCCAG

AACTTTCC 

Cre forward Cre genotyping  CCGCAGGTGTAGAGA

GAAGGC 

Cre reverse Cre genotyping  CTGGCTGGTGGCAGA

TGG 

HP1γ common HP1γ genotyping GAGTGATTACCGACACC

ACCA forward    

HP1γ wild-type 

reverse 

HP1γ genotyping TTTAATCGGAGACTTGA

AGAGC 

    HP1γ mutant HP1γ genotyping GTTCGCTTCTCGCTTCTG

TT reverse    

GFP (F) H3.3B-EGFP GACCGCTTCCTCGTGCT

TTA 
 genotyping  

GFP (R) H3.3B-EGFP GAGCCACAGTGCTCACA

TCA 
 genotyping  

Kdm5d (F) Sex determination ACAAAGTGGGGGCAAA

AAGT Kdm5d (R) Sex determination AGTTATGACCCTCACCA

CAAGA  
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2.21.2 List of primers used for QRT-PCR for checking gene expression level and RNA 

splicing:  

Primer name Gene 

target 

Specie

s 

Primer sequences (5’-3’) 

Mbeta-actin 

(F) 

Β-actin Mouse GCTACAGCTTCACCACCACA 

Mbeta-actin 

(R)  

HIRA (F2) 

 

Β-actin 

 

HIRA 

Mouse 

 

Mouse 

ATGCCACAGGATTCCATACC 

 

CCACCGTTCGGGGGATAAG 

HIRA (R2) 

 

Srp19 (F) 

HIRA 

 

Srp 

Mouse 

 

Mouse 

GGCAACACATACCACATCACAG 

 

CAATAGGCTGAGCAAGTTCT 

Srp19 (R) 

 

Rik (F) 

Srp 

 

Rik 

Mouse 

 

Mouse 

GGTGCTTGTGCTAAGAAAG 

 

CAAATGTCTCTCTCCCAGA 

Rik (R)  

Gdi (F) 

 Rik 

Gdi 

Mouse 

Mouse 

ATGGTGGTTGTCTGTGTTG 

CTGGATCAGCCCTCTCTT 

Gdi (R) Gdi Mouse  ATGGTGGTTGTCTGTGTTG 

 Rnf167 (F) 

Rnf167 (R) 

Rnf 

Rnf 

Mouse 

Mouse 

CAGTCAGTTGTGAGCTGCTA 

GGGAGTTCTAGGGGTTGTAG 

Mtf2 (F) 

Mtf2 (R) 

Mtf 

Mtf 

Mouse 

Mouse  

CAGATCTGTCTGCACCTG 

AGTTGCTGATGTGAACTCAA 

Asf7 (F) 

Asf7 (R) 

Asf 

Asf 

Mouse 

Mouse 

CTTTTGGGCATTTTCG 

TTTACTAGATTGAAATATAAGCAC

CT Ptdss2 (F) 

Ptdss2 (R) 

Ptdss 

Ptdss 

Mouse 

Mouse 

TCTGCAGTGAGACCAAC 

AGTGCTGGGATTGCTTCT 

Ap1m1 (F) 

Ap1m1 (R) 

 

 

Ap1m1 

Ap1m1 

Mouse 

Mouse 

AGCTACCAGAACAGGTCCAG 

TCAAGGGACTAAGGAAAACG 

Tbxa2r (F) 

Tbxa2r (R) 

 

Magohb(F) 

Magohb(R) 

Tbxa2r 

Tbxa2r 

 

Magohb 

Magohb 

Mouse 

Mouse 

 

Mouse 

Mouse 

CCAGCCTGGTCTACACAGAG 

CCATCAGGTTCCACAGCTT 

 

TGGAGATGGTGTTGTTGAAG 

GAAGACGATGTCTGCTAATGAA 
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2.21.3 List of primers used for ChIP QRT-PCR 

Primer name Gene 

target 

Species Primer sequences (5’-3’) 

Gapdh+4K(F) Gapdh Mouse GAGCCCTCCCTACTCTCTTGAAT 

 Gapdh+4K(R) 

Gapdh(F) 

Gapdh 

Gapdh 

Mouse 

Mouse 

ACACCGCATTAAAACCAAGGA 

AGTCCGTATTTATAGGAACCCGGA

TGGTGG 

Gapdh(R) 

 

Mj-sat (F) 

Gapdh 

 

Major- 

Satellite 

 

Mouse 

 

Mouse 

ATGAGAGAGGCCCAGCTACTCGC

G 

GCTTTAGACGACTTGAAAAATGAC

GAAATC 

 

Mj-sat (R)  

 

 

 

Major- 

Satellite 

 

Mouse 

 

 

 

CATATTCCAGGTCCTTCAGTGTGC  

Neurod6(F) 

 

Neurod6(R) 

Neurod6 

 

Neurod6 

Mouse 

 

Mouse 

TTTTTCCCTATCAGTCTAACCTCCT 

GTGTTGA 

AAAAGTGACATTGATGCCAACTGC 

CAGAGC 

Pdx(F) 

 

Pdx(R) 

Pdx 

 

Pdx 

Mouse 

 

Mouse  

GAAGTCCTCCGGACATCTCCCCAT

ACGAAG 

GGATTTCATCCACGGGAAAGGGA

GCTGAC 
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2.22 Lists of antibodies  

2.22.1 List of antibodies for chromatin immunoprecipitation (ChIP) 

Antibody Type/Isotype Dilution Company Catalogu

e no. 

Anti-GFP 

 

Anti-H3 

Rabbit 

polyclonal, 

IgG 

Rabbit 

polyclonal, IgG 

10µg/IP 

 

6ug/IP 

Abcam 

 

Abcam 

Ab290 

 

Ab1791 

Anti-H3.3 Rabbit 

polyclonal, IgG 

10µg/IP Millipore 09-838 

 

Anti-HP1γ 

 

Mouse 

monoclonal, 

IgG1 

 

8µg/IP 

      

 

Millipore 

     

 

05-690 

    

 Anti-HP1γ   Mouse 

monoclonal, IgG 

10µg/IP 

 

Millipore 

 

17-646 

      

 

 

2.22.2 List of antibodies for co-immunoprecipitation (Co-IP) 

Antibody Type/Isotype Dilutions Company Catalogu

e no. 

Anti-GFP Rabbit polyclonal, IgG 10µg/IP Abcam Ab290 

Anti-H3 

 

Anti-HP1γ 

Mouse monoclonal, 

IgG1 

Rabbit polyclonal, IgG 

5µg/IP 

 

5µg/IP 

Abcam 

 

Abcam 

Ab1218 

 

Ab10480 

Mouse IgG 

Rabbit IgG 

Normal mouse IgG 

Normal rabbit IgG 

5µg/IP 

5µg/IP 

Santa-cruz 

Millipore 

sc-2025 

PP64B 
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2.22.3 List of primary antibodies for western blot 

Antibody Type/Isotype Dilutions Compa

ny 

Catalogue 
     no. 

Anti-α-tubulin Mouse 

monoclonal, 

1:1000

0 

 Sigma T5168 
 IgG1     

Anti-GFP Rabbit polyclonal, 1:1000  Abcam Ab290 
 IgG     

Anti-H3 Rabbit polyclonal, 1:1500  Abcam Ab1791 
 IgG     

Anti-H3.3* Rabbit polyclonal 1:500  Millipor

e 

09-838 

Anti-HP1γ Mouse 

monoclonal, 

1:5000  Millipor

e 

MAB3450  
IgG1 

 
 

  

      *Antibodies that require the use of BSA 

 

 

2.22.4 List of Secondary antibodies for western blot 

Antibody  Dilutions     Company Catalogue 

     no. 

Goat anti-Mouse IgG, HRP- 

conjugated 

Goat anti-Rabbit IgG, 

HRP- conjugated 

Goat anti-Rabbit IgG, HRP- 

conjugated 

1:20000       Life 

Technologies 

1:20000       Santa-cruz 

 

1:20000       Pierce 

G21040 

 

sc-2004 

 

1858415 
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2.22.5 List of antibodies for FACS 

Antigen Product name Description 

CD19 PE-CF594 Rat Anti-Mouse CD19 B lymphocyte marker 

TCRbeta 

FITC Hamster Anti-Mouse TCR β 

Chain T lymphocyte marker 

CD44 PE-Cy™5 Rat Anti-Mouse CD44 naïve T cell marker 

CD62L FITC Rat Anti-Mouse CD62L naïve T cell marker 

CD25 FITC anti-mouse CD25 Late T activation marker 

CD4 PE Rat Anti-Mouse CD4 CD4 + 

CD8 RAT anti-MOUSE CD8a CD8 + 

CD71 BV711 Streptavidin CD71 
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2.23 Solutions 

Phosphate buffered saline (PBS) -171mM NaCl, 3.3mM KCl, 10.1mM Na2PO4, 

1.8 mM KH2PO4, pH7.4 

HEPES buffered saline (HPS) - 137mM NaCl, 5.1mM KCl, 0.7mM Na2PO4, 

21mM HEPES, 0.1% (w/v) glucose, pH7.05 

Phenylmethylsulphonyl Fluoride (PMSF) (0.1M) - Prepared in isopropanol 

10x TE - 100 mM Tris-HCl, 10 mM EDTA 

5x TBE - 450 mM Trisborate, 10 mM EDTA 

0.5x TAE - 20 mM Tris acetate, 0.5 mM EDTA 

Phenol/chloroform solution - Prepared by mixing 25:24:1 

Phenol:chloroform:isoamylalcohol and equilibrated with 10 mM Tris-HCl, pH 8.0 

Lysis buffer (genotyping) - 0.1M Tris HCl pH8.0, 5mM EDTA pH8.0, 0.2M NaCl, 

0.2% SDS 

Buffer A (co-immunoprecipitation) - 20mM HEPES, pH 7.9, 10mM KCl, 1.5mM 

MgCl2, 0.34M sucrose, 10% glycerol supplemented with 1mM dithiothreitol (DTT), 

1 mM PMSF and 0.5μl of protease inhibitor cocktail per 1ml buffer freshly 

Equilibration buffer (co-immunoprecipitation) - 20mM HEPES, pH7.9, 1.5mM 

MgCl2, 0.2mM EGTA, 25% glycerol. Supplemented with 0.5 mM PMSF, 0.5μl of 

protease inhibitor cocktail per 1ml buffer freshly 

Wash buffer (co-immunoprecipitation) - 20mM HEPES, pH7.9, 150mM NaCl, 

1.5mM MgCl2, 0.2mM EGTA, 0,2% Triton X-100, 10% glycerol. Supplemented 

with 0.5 mM PMSF, 0.5μl of protease inhibitor cocktail per 1ml buffer freshly 

SDS Sample buffer (co-immunoprecipitation) - 100 mM Tris, pH 6.8, 4% SDS, 

and 20% glycerol 

Swelling buffer (chromatin immunoprecipitation) - 25 mM HEPES pH 7.9, 1.5 
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mM MgCl2, 10 mM KCl, 0.1% NP-40, pH 7.9. Supplemented with 0.5 mM 

PMSF, 0.5μl of protease inhibitor cocktail per 1ml buffer freshly 

Sonication buffer (chromatin immunoprecipitation) - 50 mM HEPES pH 7.9, 140 

mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1% Sodium deoxycholate, 0.1% 

SDS, pH 7.9. Supplemented with 0.5 mM PMSF, 0.5μl of protease inhibitor cocktail per 1ml 

buffer freshly 

Wash buffer A (chromatin immunoprecipitation) - 50 mM HEPES pH 7.9, 500 

mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1% Sodium-deoxycholate, 0.1% 

SDS, pH 7.9 

Wash buffer B (chromatin immunoprecipitation) - 20 mM Tris pH 8.0, 1 mM 

EDTA, 250 mM LiCl, 0.5% NP-40, 0.5% Sodium-deoxycholate, pH8.0 

RIPA (Radio Immunoprecipitation Assay buffer) buffer (protein extraction) - 

150 mM NaCl, 1.0% NP-40 or Triton X-100, 0.5% sodium deoxycholate, 0.1% 

SDS, 50 mM Tris, pH 8.0. Supplemented with 0.5 mM PMSF, 0.5μl of protease 

inhibitor cocktail per 1ml buffer freshly 

Running buffer (western blot) - 25 mM Tris base, 190 mM glycine, 0.1% SDS, 

pH 8.3. 

Transfer buffer (western blot) - 25 mM Tris base, 190 mM glycine, 20% methanol, 

pH 8.3 

TBST (western blot) - 50 mM Tris.HCl, pH 7.4 and 150 mM NaCl, 0.1% Tween- 

20, pH7.5 

PBST (western blot) - 171mM NaCl, 3.3mM KCl, 10.1mM Na2PO4, 1.8 mM 

KH2PO4, 0.1% Tween-20, pH7.4 

Laemmli buffer (2X) (western blot) - 4% SDS, 10% 2-mercaptoehtanol, 20% 

glycerol, 0.004% bromophenol blue, 0.125 M Tris HCl 
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Phenylmethylsulphonyl Fluoride (PMSF) (0.1M) - Prepared in isopropanol Phosphate 

buffered saline (PBS) -171mM NaCl, 3.3mM KCl, 10.1mM Na2PO4, 1.8 mM KH2PO4, pH7 
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Chapter 3 - Investigation into the role of histone H3.3 and its 

chaperone HIRA in vivo 
 

3.1 Introduction and background  
 

H3.3 incorporation has been associated with active transcription and is the only H3 variant 

present in non-replicating cells (Wu et al., 1982). It has been shown that H3.3 is enriched at 

promoter regions of both active and repressed genes, the body of active genes, and a subset of 

regulatory elements (Goldberg et al., 2010, Ray-Gallet et al., 2011a). HIRA is a known 

chaperone for H3.3 (Goldberg et al., 2010) and is thought to deposit it close to the 

transcriptional start site (TSS) forming an unstable nucleosome. However, to date there is a 

paucity of in vivo data which addresses the importance of HIRA in gene regulation, DNA 

recombination and T cell development. The published genome-wide H3.3 deposition data 

derived from chromatin immunoprecipitation followed by next generation sequencing (ChIP-

seq) was done by tagging HA onto the endogenous H3.3 and only done in a mouse ES cell line.  

 

In this chapter, the role of HIRA in H3.3 deposition was studied in vivo, in which, we can study 

multiple effects on DNA metabolic processes. Especially in T lymphocyte, which is a well 

described differentiation system and the cells are easy to obtain in large numbers. More 

importantly, resting T cells in thymus will only have H3.3 and little or no H3.1 or H3.2, which 

make it a good model for us to study H3.3. So far, we already have transcriptomic data obtained 

from thymocytes, which gave us an insight into the effect of HIRA/H3.3 on gene expression 

in T cells. We will not only look at developmental cellular stages but also the T cell receptors 

(TCR) undergoing recombination, which is known to happen in the context of chromatin. 

Therefore, in this chapter, we can study both the transcriptional effects of HIRA/H3.3, but also 

the effects on TCR recombination and cellular differentiation in T cells.  
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In this chapter, further investigation into the effect of HIRA deficiency on T cell development 

will be studied in vivo.  
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3.2 Aims 
 

1. To investigate the effect of HIRA deficiency on H3.3 deposition and nucleosome 

density in resting T cells. 

 

2. To investigate whether HIRA is required for the development of the T cell lineages, 

both thymocytes and peripheral T cells will be examined by flow cytometry.  

 

3. To determine the role of HIRA/H3.3 in T cell receptor rearrangement, the V(D)J locus 

of TCR  chain will be examined for H3.3 deposition, re-arrangement and expression 

in the presence or absence of HIRA in both thymocytes.   

 

This work promises to determine essential gene regulatory functions of histone H3.3 and HIRA 

during T cell development in vivo. 
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3.3 H3.3B-EGFP transgenic mice are a good model for studying genome-wide 

deposition of H3.3 protein in vivo 

 

Initially, anti-H3.3 antibody was used to examine H3.3 deposition on gene regions that were 

identified in a previous publication (Harada et al., 2012). Fig 3.1.1 showed that H3.3 antibody 

gave a very low signal (0.01, 0.06 and 0.3 respectively) and the variation between biological 

samples was large (SEM was 0.03, 0.06 and 0.15 respectively), which indicates the H3.3 

antibody is not very reliable for picking up H3.3 binding in our system. In the absence of a 

good specific antibody for H3.3, we employed transgenic mice in which the EGFP gene had 

been knocked into exon 6 on one allele of the H3.3B gene at the 3’ prime end (Fig 2.1 in section 

2.1.2.1). This transgenic H3.3B-EGFP mouse model was created by Dr. Vineet Sharma 

(Imperial College London, London, U.K.)  and Dr. Buhe Nashun (MRC Clinical Science 

Centre, London, U.K.). Hence, animals containing this targeted knock-in will produce H3.3B-

EGFP fusion proteins.  

 

 

Fig 3.1.1. Relative enrichment of H3.3 on various genomic regions in WT thymocytes as revealed by 

ChIP. H3.3 signal was obtained from Gapdh, Pdx1 and Neurod6 genes in thymocytes. Very low signal 

and big error bars on these regions was obtained in the WT thymocytes indicating the efficiency and 

specificity of the anti-H3.3 antibody used in this ChIP experiment.  n=5 (Biological replicates). Error 

bars: standard error of the mean (SEM). Primers for targeting the genes used here are taking form 

Akihito Harada et al., paper (Harada et al., 2012). 
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The presence of H3.3B-EGFP fusion protein was checked by flow cytometry, western blot and 

QRT-PCR respectively. The fluorescence signal of the EGFP tag was shown in Fig 3.1.2. 

EGFP signal in H3.3B-EGFP mouse T cells was present at high level (Right) and absent in 

wildtype T cells (Left). Western blot developed with an antibody against H3 also showed the 

H3.3B-EGFP fusion protein at a bigger size (45kDa) compared to the endogenous H3 band 

(17kDa) (Fig 3.1.3). Next, Chromatin immunoprecipitation (ChIP) was also performed by 

using anti-GFP antibody (Ab290, Abcam). In this experiment, we selected the highly expressed 

gene Gapdh in mouse thymocytes to investigate the specificity of this antibody on the 

immunoprecipitated DNA. The PCR primer targets the promoter region on this selected gene 

(Fig 3.1.5). As shown in Fig 3.1.4, H3.3B-EGFP was enriched on the promoter of Gapdh gene, 

consistent with a previously published study (Harada et al., 2012) (Fig 3.1.4). In contrast, the 

signal for H3.3B-EGFP was virtually absent in H3.3 wildtype (WT) thymocytes on this region 

indicating the specificity of this antibody and the presence of H3.3B-EGFP (Fig 3.1.4).  

 

 

 

Fig 3.1.2.  FACS analysis of EGFP expression in WT and GFP mouse T cells. 3x10^5 T cells were 

used for analysis. The y axis shows the relative cell number and the x axis shows the fluorescence 

intensity of EGFP in the green channel (FL1). Left shows WT has no EGFP expression. (Background 

signal in Gate M1). On the right, it shows the results for EGFP + T cells, which have an EGFP 

expression peak at 10^2 (shown in purple in Gate M2). 
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Fig 3.1.3. Western blot of H3.3-EGFP fusion protein isolated from H3.3-EGFP mouse thymocytes. 

H3.3-EGFP fusion protein is 45kDa. Histone H3 was used as control, which is 17kDa. Anti-EGFP 

antibody (ab290, Abcam) and anti-H3 antibody (ab1791, Abcam) are used here with dilutions of 

(1:1000) and (1:1500) respectively. This anti-H3 antibody recognizes H3.1, H3.2 and H3.3 encoded by 

H3.3a gene. Anti-rabbit (sc2004) (1:20,000) and Anti-rabbit (PIERCE 1858415) (1:20,000) were used 

as secondary antibody against anti-EGFP and anti-H3 respectively. Sizes on the right were obtained 

by rainbow marker run in the same gel. 

 

 

 

 

Fig 3.1.4. Relative enrichment of H3.3B-EGFP on house-keeping gene Gapdh in HIRA WT and 

H3.3B-EGFP thymocytes as revealed by ChIP. H3.3B-EGFP signal was obtained from the 

transcriptionally active housekeeping gene Gapdh in H3.3B-EGFP thymocytes which express the 

H3.3B-EGFP fusion protein. Low signal on this region was obtained in the WT thymocytes indicating 

the specificity of the anti-GFP antibody used in this ChIP experiment.  n=3 (PCR replicates). Error 

bars: SEM. 
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To conclude, the presence of H3.3B-EGFP in the transgenic H3.3B-EGFP mouse and not in 

the WT suggests that this is a good model for studying the genome-wide H3.3 distribution by 

employing anti-EGFP antibody.  
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3.4 Chromatin Immunoprecipitation (ChIP) for localizing H3.3B-EGFP in the 

mouse genome 

H3.3 incorporation has been revealed previously in a myoblast cell line (C2C12), in which 

Neurod6 and Pdx1 are completely silent (Harada et al., 2012). They showed that H3.3 was 

incorporated at a region upstream of the transcriptional start site (TSS) of a housekeeping gene 

(Gapdh), but not at the promoters of silent genes (Pdx1 and Neurod6) in myoblasts (Harada et 

al., 2012). Although, Pdx1 and Neurod6 are thought to be tissue specific and they are said to 

be completely silenced in myoblast cells (Akihito paper), according to the Affymetrix 

microarray data (Wijchers and Festenstein personal communication) obtained from mouse 

thymus (Fig 3.1.6), Pdx1 and Neurod6 expressed at a relatively lower level compared to Gapdh 

in thymocytes. In addition, we mapped the primers taken from Akihito paper onto the mouse 

genome and we found that instead of targeting the promoters of Pdx1 and Neurod6 genes as 

described in the paper, both sets of primers target the gene bodies. (Fig 3.1.5) Whereas, the 

Gapdh primer is indeed targeting the promoter region of this gene, which is located 120bp 

upstream of the transcription start site (TSS) (Fig 3.1.5).  
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Fig 

3.1.5. Schematic diagram showing primers targeting regions on Pdx1, Neurod6 and Gapdh genes. 

Primer sets are indicated in yellow arrows. A/B. Both primer sets target gene bodies of Pdx1 and 

Neurod6 genes respectively. C. Gapdh primer targets 120bp upstream of TSS at promoter.  

 

 

 

 

 

 

 

 

 

Fig 3.1.6. Table illustrating the expression level of selected genes in thymuses from mice by 

Affymetrix microarray. This figure is modified from microarray data (Patrick J. Wijchers et al., 2010)  

 

 

They also showed that the level of H3.3 on the gene body correlated with gene expression at 

the transcriptional level. To confirm that our cells are a good model to study H3.3 occupancy 

genome-wide in vivo, we selected these three genes (Gapdh, Pdx1 and Neurod6) in mouse 

thymocytes to investigate the H3.3 occupancy.  The experiment shown here revealed a higher 
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level of H3.3B-EGFP when normalized to input (Fig 3.1.7), within the first exon of the 

Pdx1and Neurod6 genes (Fig 3.1.5). The signal on the Gapdh gene was lower (Fig 3.1.7), 

however, the region examined was not within the gene body but about 120bp upstream of the 

TSS (Fig 3.1.5).  

 

Fig 3.1.7. Relative enrichment of H3.3B-EGFP on Gapdh, Pdx1 and Neurod6 genes in H3.3B-EGFP 

thymocytes as revealed by ChIP. H3.3B-EGFP was enriched on silent genes Neurod6 and Pdx1 and 

diminished on the active gene Gapdh relative to total input. Error bars: SEM. n=4 (biological 

replicates). Error bars: SEM. 

 

Importantly, as histone H3.3 is a component of the nucleosome, normalizing H3.3B-EGFP 

signal to total input may not reflect the proportion of nucleosomes containing H3.3B-EGFP in 

these regions. To estimate the proportion of H3.3B-EGFP containing nucleosomes on these 

regions, ChIP using anti-H3 antibody (which recognizes all histone H3) on the same chromatin 

samples was performed and used as normalization control. The level of histone H3, which 

represents the nucleosome density, was found to have the same pattern as H3.3B-EGFP ChIP 

(Fig 3.1.7 and Fig 3.1.8). Levels of H3.3B-EGFP (when normalized to H3) on Gapdh, Pdx1 

and Neurod6 genes was similar (Fig 3.1.9). This indicates that there is a higher proportion of 

H3.3 on the promoter of Gapdh and less on gene bodies of Pdx1 and Neurod6.  
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In summary, the H3.3B-EGFP deposition was revealed to be similar on the promoter region of 

Gapdh and gene bodies of Pdx1 and Neurod6 when relative to total histone H3 (Fig 3.1.9) 

regardless of different expression levels of these three genes in thymocytes.  

Several DNA hypersensitive site (DHS) studies showed that DHS signals were high in regions 

proximal to TSS (He et al., 2014),  which implies that there could be nucleosome free regions 

(NFRs) at this region. The explanation for this may be the fact that the promoters at 

transcriptionally active genes have nucleosomes that continuously replace H3.3 to keep the 

nucleosomes unstable at the TSS (Jin and Felsenfeld, 2007, Deal et al., 2010), which might 

explain the lower level of H3.3B-EGFP enrichment on promoters of the highly expressed gene 

Gapdh compared to low expressing genes PdX1 and Neurod6 (Fig 3.1.7). This would assume 

that even though a gene may be expressing at a lower level, a proportion of the H3 at the 

promoter is H3.3. Therefore, H3.3 level is determined not only by gene expression but also the 

location looked at within the target gene. As we know, there are different nucleosome partners 

on promoters including H3.3/H2A.Z, H3.3/H2A, H3/H2A and H3/H2A.Z, in the order from 

the least stable to the most stable (Jin and Felsenfeld, 2007). The nucleosomes that occupied 

the promoters of genes are different according to gene activity. The least stable nucleosomes 

such as those containing H3.3, are more likely enriched on the promoters of highly expressed 

genes than lower expressed genes, as disruption of the nucleosome is thought to be important 

for facilitating loading of RNA Pol II. To summarize, promoters at transcriptionally active 

genes have nucleosomes that simultaneously carry H3.3 and the proportion of H3.3 of the total 

H3 correlates with gene expression level. Future work can be found in section 3.6.1. 

 



137 
 

 

Fig 3.1.8. Relative enrichment of H3 on Gapdh, Pdx1 and Neurod6 genes in H3.3B-EGFP 

thymocytes as revealed by ChIP. Level of histone H3 which represents the nucleosome occupancy was 

higher in Neurod6 and Pdx1 loci than Gapdh. Error bars: SEM. n=4 (biological replicates). Error 

bars: SEM. 

 

 

 

 

Fig 3.1.9. Relative enrichment of H3 on Gapdh, Pdx1 and Neurod6 genes in H3.3B-EGFP 

thymocytes as revealed by ChIP. Similar level of H3.3B-EGFP was revealed on Gapdh, Pdx1 and 

Neurod6 relative to total histone H3. n=3 (biological replicates). Error bars: SEM. 
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3.5 HIRA homozygous conditional knockout (HIRA HOM CKO) mice are a 

good model for studying the role of HIRA in regulating genome-wide H3.3 

distribution in vivo 
 

The HIRA complex is an evolutionarily conserved H3-H4 histone chaperone that is implicated 

in a range of processes including embryonic development, angiogenesis, cellular senescence 

and aging (Gal et al., 2015). This complex is composed of HIRA in association with 

ubinuclein-1 (UBN1) and calcineurin-binding protein 1 (CABIN1) (Rai et al., 2011). In 

mammals, HIRA is associated with the histone variant H3.3, which is deposited into chromatin 

independently of DNA synthesis (Tagami et al., 2004). There is no genome-wide H3.3 

deposition data published in a HIRA deficiency mouse in vivo, so we wanted to see the impact 

of HIRA knockout (KO) on genome-wide H3.3 deposition in our mouse system. In our mouse 

model, it was expected that the floxed HIRA exon 4 would be deleted in T cells upon exposure 

to Cre-recombinase (Cre), which would result in deletion of exon 4 and non-sense mediated 

decay of the mRNA, leading to the conditional KO (CKO) phenotype in specific tissues that 

expressing Cre such as in thymus, lymph node and spleen (Fig 2.2). Firstly, 500ng RNA was 

used to make cDNA, which was followed by Q-RTPCR using HIRA exon-exon junction 

primers (HIRA exon 4-5) to confirm the HIRA was completely knocked out in thymus. Fig 

3.2.1 shows that the expression level of HIRA exon 4 is 5-fold less than WT with some 

background signal (Fig 3.2.1). Diminished level of HIRA mRNA in HIRA HOM CKO 

suggested it was a good model for studying the loss of function of HIRA. 
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Fig 3.2.1. Q-RTPCR showing HIRA mRNA expression level in both WT and HOM CKO mouse 

thymocytes. Primers used here target the LoxP/Cre excised HIRA exon 4. HIRA WT, n=4 and HIRA 

HOM CKO, n=2. Error bars: SEM. 
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3.6 Deficiency of HIRA leads to altered H3.3 deposition on selected gene 

regions  
 

Having got an indication of H3.3 distribution in WT thymocytes, next we asked if H3.3B-

EGFP occupancies on the regions tested previously in section 3.4 were changed upon HIRA 

KO. Here we showed that in thymocytes, HIRA deficiency appears to result in decreased 

H3.3B-EGFP enrichment at the promoter region i.e.120bp upstream of the TSS of the Gapdh 

gene but an increase in H3.3B-EGFP enrichment at gene bodies of Pdx1 and Neurod6 genes 

(Fig 3.2.2). As HIRA is thought to be responsible for incorporating H3.3 at promoters and on 

gene bodies of transcriptionally active genes (Zhang et al., 2017b, Goldberg et al., 2010),its 

deficiency would therefore be expected to result in a decrease in H3.3 occupancy at promoter 

of Gapdh gene examined here. Same experiment by using anti-H3.3 antibody revealed that the 

enrichment of H3.3 was reduced by HIRA deficiency in thymocytes although the anti-H3.3 

antibody has been shown to give a very low H3.3 signal and the variation is big (Fig S16). As 

mentioned above, Pdx1 and Neurod6 are expressing at very low level in thymus (Fig 3.1.5), 

HIRA may not be the main chaperone for loading H3.3 on these genes, in which case, other 

chaperones may come in and load H3.3 onto these regions. The relative fold change of H3.3B-

EGFP enrichment was smaller at the promoter of Gapdh while bigger effects were observed in 

Neurod6 and Pdx1, which are expressing at a lower level in thymus (Fig 3.2.3). Although none 

of these detected changes were individually statistically significant, taken together, deficiency 

in HIRA appears to have different effects on H3.3 deposition on different gene regions. 

Notably, as shown in previous western blot, H3.3-EGFP fusion protein is 45kDa whereas H3 

is only 17kDa. The EGFP tag is much bigger than H3.3 protein itself, which in a way, one 

could speculate that this EGFP tag could interfere with H3.3 binding to chromatin.   
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Fig 3.2.2. Relative enrichment of H3.3B-EGFP on various genomic regions in HIRA WT and CKO 

thymocytes. (Relative to H3) Promoter region of Gapdh gene showed decrease level of H3.3B-EGFP 

upon HIRA HOM CKO, whereas both Pdx1 and Neurod6 genes showed increased level of H3.3B-EGFP 

on gene bodies upon HIRA HOM CKO. However, none of these changes were statistically significant 

(p values for Gapdh, Pdx1 and Neurod6 genes are 0.74, 0.29 and 0.1 respectively). HIRA WT n=4 

(biological replicates). HIRA HOM CKO n=3 (biological replicates). Error bars: SEM.  

 

 

 

 

Fig 3.2.3. Relative fold change of H3.3B-EGFP signal relative to H3 detected by ChIP. Fold change 

of H3.3B-EGFP signal on silent gene loci (Pdx1 and Neurod6) is bigger than that on active gene Gapdh 

in response to HIRA KO relative to WT. 
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3.6.1 Future work 

 

Future experiments to explain the observation seen in section 3.4 and 3.6 regarding: 1. The 

H3.3 enrichment on different regions on different genes expressing at different levels 2. The 

role of HIRA in incorporating H3.3 onto these regions would include: 

 

1. To get a more general idea of genome-wide distribution of H3.3B-EGFP, H3.3B-EGFP 

ChIP-seq could be performed in HIRA WT mouse thymus. By data mining with the 

transcriptomic data we already have in T cells, we can conclude if there is any 

correlation between H3.3 enrichment and gene expression level in T cells. Moreover, 

we can also look into other tissues to compare if the deposition pattern of H3.3 is the 

same across different cell types in different tissues. 

 

2. To investigate the effect of HIRA deficiency on H3.3 deposition, by comparing the 

genome-wide distribution pattern of H3.3 in HIRA WT and HIRA KO, we can get an 

idea of how HIRA deficiency exerts an effect on genome-wide H3.3 distribution and 

how this change correlates with gene expression.  

 

Due to the difficulty in obtaining validation of the EGFP-ChIP result with primary antibody 

ChIP and the limited resources available it was decided to rather focus on the in vivo role of 

HIRA deficiency in T cell development. 
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3.7 Investigation into the role of HIRA in Immune system  

3.7.1 Upregulation of CD44 upon HIRA KO was observed in lymphatic tissue in 

mouse  

T cells originate in the bone marrow and populate the thymus and then migrate from cortex to 

medulla – a diagram showing the acquisition of key cell surface markers is shown in Fig 1.8.1.  

To investigate if HIRA KO affects T cell development, cells collected from thymus, lymph 

node and spleen from both HIRA WT and HIRA KO mice were stained with CD4, CD8, 

CD62L (lymph node homing receptor), CD44 (memory marker), CD19 (B-lymphocyte 

antigen), TCRβ (T-cell receptor) antibody. FACS was performed and the different cell 

populations identified are shown in Fig 3.3.1. CD44 expression happens early in T cell 

development in the thymus. Just before the rearrangement of the TCRβ locus happens at stage 

DN3, these DN cells express the CD44 adhesion molecule but at a low level. Upon T cell 

activation by antigens in the periphery, CD44 expression is up-regulated. In our experiment, 

CD44 expression (memory marker) was upregulated in CD4 SP T cells in HIRA KO thymus, 

lymph node and spleen with the most obvious upregulation seen in lymph node compared to 

HIRA WT (Fig 3.3.1 A/B/E). And we also found this increase in CD8 SP T cell upon HIRA 

KO (Fig S4 C/D). Previously, a similar observation has been shown in transcriptomic data 

whereby, CD44 protein level was increased upon HIRA KO in the thymus (Vineet Sharma 

PhD thesis, 2014). However, CD44 was not upregulated in CD4/CD8 DP cells in the thymus 

upon HIRA KO (Fig S4 B). This suggests that HIRA might be involved in the repression 

pathway of the CD44 gene. Additionally, T cell/B cell ratio was decreased according to the 

TCRβ/CD19 ratio in lymph node, which suggested that the total T cell output from the thymus 

decreased (Fig 3.3.1 D). The predominantly B cell population (DN staining), on the other hand, 

showed no obvious upregulation of CD44 in both HIRA KO lymph node and spleen compared 

to HIRA WT (Fig 3.3.1 F). The memory subpopulation is commonly found in the lymph nodes 
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and in the peripheral circulation like the spleen, but it is not common in thymus where the 

majority are naïve T cells. This indicates an increased CD4 SP memory T cell phenotype upon 

HIRA KO in the thymus, lymph node and spleen and an increased CD8 SP memory T cell 

phenotype upon HIRA KO in thymus, lymph node and spleen only. In addition, CD62L (lymph 

node homing receptor) expression remained similar in HIRA KO and WT (Fig 3.3.1 A/B/E), 

which indicates HIRA does not affect memory T cell migration into periphery tissue.  

 

To summarize, we found by flow cytometry that HIRA deficiency results in premature 

expression of the ‘memory’ T cell marker CD44 in the naïve single positive T cells in the 

thymus and periphery. This aberrant upregulation might be due to: 1) decreased output from 

the thymus during T cell development leading to aberrant proliferation in the periphery; 2) pre-

mature activation of the commitment to the memory T cell lineage that circumvents exposure 

to antigen in the periphery or 3) a CD44 locus-specific effect of HIRA deficiency in de-

repressing this gene which is normally transiently expressed during early development and then 

subsequently silenced.  
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Fig 3.3.1. FACS plot showing the expression of different cell surface markers on different cell 

population in Thymus, Lymph node and Spleen. A, B, E) CD44 was up-regulated on CD4+ T cells in 

Thymus, Lymph node and Spleen. C, F) No CD44 upregulation was detected on B cells in Lymph node 

and Spleen. D) T cell/B cell ratio in Lymph node decreased according to the TCRβ/CD19 ratio. This 

experiment was done together with Dr Jackson Chan, a postdoc in the lab. (n=3 for all FACS 

experiment in this Fig) (*-Statistically significant, *p value<0.05) 

 

 

 

 

3.7.2 TCRα V(D)J recombination in CD71- T cell population upon HIRA KO 

 

 

In our system, HIRA conditional knockout (CKO) is under the control of the Cre/CD4 

promoter (Abi-Ghanem et al., 2015). Shortly after acquisition of CD4 and CD8, DP 

thymocytes lose the expression of CD71 and become non-proliferating CD71- DP cells in 

which H3.3 will be the only available H3 histone proteins that can be incorporated into 

chromatin. Therefore, it is well worth assessing whether the CD71- DP cell population was a 

clean model to study HIRA deficiency effects on T-cell development and T-cell receptor V(D)J 

recombination events possibly driven by incorporating H3.3 into chromatin. The expression of 
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CD4, CD8, CD71 and EGFP during CD71 cell sorting was confirmed by FACS (Fig S9). T 

cell development stages with CD71 expression is illustrated in Fig 3.3.2.   

 

Following the scheme developed by Setian et al (Seitan et al., 2011) to confirm HIRA 

deficiency in the CD71- DP cell population, we set out to purify the CD71- DP cells from 

thymus by FACS cell sorting (Fig 3.3.3) and to verify the efficiency of HIRA KO, either by 

examining deletion of exon 4 of HIRA or by measuring HIRA protein levels by western blot 

(Fig 3.3.4 and 3.3.5). Firstly, we set the forward scatter (FSC) and side scatter (SSC) on the 

total cell population to obtain lymphocytes followed by single cell selection. Within the single 

cell population, cells with CD4+CD8+ (DP) signal were selected for by CD71 gating. In the 

CD71+ population, cells are heterogeneous with different cell sizes. For CD71- cells, we set 

another size gate to collect a pure population with a smaller cell size. HIRA deletion at the 

DNA level was checked by QPCR (Fig 3.3.4). This result suggested that exon 4 of the HIRA 

gene had been removed by Cre-recombination very efficiently in almost all the cells in the 

CD71- selected population. Western blot determined HIRA protein level in both HIRA WT 

and HIRA KO thymus before CD71 cell sorting (Fig 3.3.5). LaminB, with a protein band at 

66kDa was used as a loading control and is shown in the lower panel (Fig 3.3.5). In the upper 

panel the blot is probed with a HIRA specific antibody revealing a protein band of the correct 

size of 112kDa (Fig 3.3.5). 
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Fig 3.3.2. Illustration of T cell development with indicated transferrin receptor CD71 expression in 

mouse thymus. Proliferating cells are showing in green box whereas non-proliferating cells are in red. 

During the transition from DN to DP, the transferrin receptor CD71 was lost. This figure is adapted 

with permission  from Brekelmans et al. (Brekelmans et al., 1994). 
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Fig 3.3.3. CD71 cell sorting process by using FACS. 2 size gates were set up in order to get the singlet 

small CD71- DP thymocytes. This cell sorting scheme is followed as stated in Setian et al., paper (Seitan 

et al., 2011). 
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Fig 3.3.4. QRT-PCR showing the expression level of HIRA in CD71+ and CD71- thymocytes in mice. 

HIRA mRNA copy number in HIRA CKO CD71- population was negligible compared to CD71+ 

population in HIRA CKO（n=4). 
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Fig 3.3.5. Western blot showing the detection of HIRA in mouse thymocytes. HIRA protein band was 

undetectable in HIRA CKO mouse Thymus compared to the HIRA band （112kDa） in WT mouse 

Thymus. LaminB with a protein band at 66kDa was used as a loading control in this experiment. 

 

As shown in Fig 3.3.6, TCRα locus rearrangement happens later in CD4/CD8 DP stage and as 

mentioned before, there is a CD71- population at this stage that allows us to study the TCRα 

V(D)J recombination event in the absence of HIRA. Next, we examined the T cell receptor α 

chain (TCRα) V(D)J recombination in CD71- cell population in both HIRA WT and HIRA 

CKO mouse thymus by PCR with forward primers specific to Vα region and reverse primers 

specific to Jα region respectively and followed by visualization on the gel. Rearrangements of 

the TCRα loci are known to precede TCRα gene rearrangements at a later stage following 

TCRβ gene rearrangements during pro-T cell development. As shown in Fig 3.3.6, DN4 

population that upregulates expression of CD4 and CD8 to yield double-positive (DP) cells, 
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which usually progress through an immature cycling of the CD8+ intermediate SP population, 

and initiates TCRα gene rearrangements.  

 

 

Fig 3.3.6. An illustration of TCR rearrangement during T cell development with CD44 

expression. This figure is adapted with permission  from “Bcl-2 transgene expression promotes 

survival and reduces proliferation of CD3-CD4-CD8-T cell progenitors” Lorraine A O'Reilly et al. 

(O'Reilly et al., 1997).  

 

 

We performed PCR to amplify serial dilutions of genomic DNA from both CD71- and CD71+ 

DP T cells with forward primers specific to the Vα region and reverse primers specific to the 

Jα region respectively. PCR products could be separated by agarose gel electrophoresis and 

stained with ethidium bromide. This method shows the usage of each fragment during V(D)J 

rearrangement depending on the density of the band. Threefold serial dilutions of the DNA 

were analyzed for the presence of the indicated Vα-Jα rearrangements. Input DNA was 

normalized by amplification of a PCR fragment from the CD14 locus. The gene segments of 

the TCR locus are numbered according to Hayday et al. (Höflinger et al., 2004, Hayday et al., 

1985). By semi-quantitative PCR analysis, we detected that Vα8-Jα61, Vα8-Jα50 and Vα8-

Jα42 rearrangement were strongly affected within HIRA deficient CD71- thymocytes (Fig 

3.3.7). However, there was no effect of HIRA deficiency on V(D)J recombination of Vα8-Jα50 

and Vα8-Jα42 in the CD71+ cell population (Fig 3.3.7). This is as expected because these cells 

are at an earlier stage in the recombination program which proceeds from Vα8-Jα61 to Vα8-
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Jα50 and finally Vα8-Jα42 (Fig 3.3.8). Because TCRα locus rearrangement happens later, at 

the CD4/CD8 DP stage, the CD71+ cells which showed no effect, were used as a control (Fig 

3.3.7). 

 

To conclude, HIRA deficiency seems to impair TCRα V(D)J rearrangement in CD71- DP cell 

population in thymus in vivo. For V(D)J genes, it is not known precisely what nucleosome 

density favors successful recombination.  
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Fig 3.3.7. V(D)J recombination of the TCRα loci in CD71- DP T cells (upper) and CD71+ DP T cells 

(lower). CD71+ cells are used as a control because TCRα locus rearrangement has not yet happened 

in these cells. Threefold serial dilutions of the DNA were analyzed by PCR for the presence of the 

indicated Vα-Jα rearrangements. Input DNA was normalized by amplification of a PCR fragment from 

the CD14 locus. The gene segments of the TCRα locus are numbered according to Hayday et al.(Hayday 

et al., 1985).  
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Fig 3.3.8. Schematic diagram showing the organization of mouse TCRα genes. TCR genes segmented 

into variable (V), diversity (D) and joining (J) elements. In our particular case showing here, the 

recombination program proceeds from Vα8-Jα61 to Vα8-Jα50 and finally Vα8-Jα42 indicated by green 

arrow. This figure is modified from https://www.slideshare.net/rajud521/t-cell-antigen-receptor/17.   

  

 

 

3.7.3 Future work 

 

3.7.3.1 To investigate the possibilities for CD44 upregulation 

 

To determine whether the CD44 gene is simply inappropriately switched on or the whole T 

cell developmental program for generating memory cells has been reprogrammed, we can take 

naïve T cells (from WT and CKO) and activate them artificially to see if they secrete cytokines, 

such as IL3 and IFNγ, which are normally produced in large quantities by memory T cells upon 

secondary encounter with antigen (Mirabella et al., 2010). If we can detect such memory-cell 

specific cytokines in the medium, then it suggests that the memory cell developmental pathway 

has been triggered earlier than normal in the absence of the physiological signal, i.e. encounter 

with antigen in the periphery. If we cannot detect abnormal cytokine production, then it 

indicates that a repressive pathway for keeping the CD44 gene silenced might be affected or 

that CD44 has been upregulated as part of a compensatory expansion of the T cell population 

due to decreased output from the thymus.  

 

https://www.slideshare.net/rajud521/t-cell-antigen-receptor/17
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Another way for checking memory programming is to isolate these cells with upregulated 

CD44 expression and perform RNA sequencing and compare the transcriptomic data with that 

obtained from naïve T cells – to identify transcriptomic ‘fingerprints’ for the different 

developmental stages. In addition, we can also check the cell apoptosis rate in thymus and 

periphery in order to see if this accounts for the decreased output (T cell/B cell ratio).  

 

Thymic development and output will also be assessed using Bromodeoxyuridine (BrdU) 

labelling in vivo to identify proliferating T cells and tracking T cell development by 

incorporating into replicating DNA. BrdU can label proliferating (CD71+) DP cells but not 

resting CD4+CD8+, CD4+ or CD8+ SP cells. In the following chase period, BrdU labelling 

should be detectable in resting CD4+CD8+, CD4+ or CD8+ SP cells as DP cells differentiate 

(Seitan et al., 2011). By chasing BrdU labelling during T cell differentiation in HIRA KO 

thymus, we will calculate the proportion of DP cells that become CD4+ or CD8+ SP cells over 

time. Comparing WT and HIRA deficient animals will determine whether HIRA deficiency 

alters the dynamics of T cell development in vivo. 

 

 

 

3.7.3.2 To investigate the consequences of gene expression and V(D)J 

recombination due to loss of H3.3 deposition 

 

RAG1 V(D)J recombinase has been showed to target the acetylated and phosphorylated form 

of H3.3 (acetyl-H3.3 S31p) for ubiquitylation via its RING finger domain (Jones et al., 2011). 

Together with previous evidence reporting that V(D)J recombination loci are enriched with 

H3.3 (Johnson et al., 2004), we could speculate that a potential role of H3.3 in V(D)J 

recombination might be in forming a chromatin structure that favors V(D)J recombination. 

Further investigation into the changes of H3.3 deposition (over H3) on these V(D)J genes upon 

HIRA KO in CD71- DP T cells would give us a better understanding of how HIRA functions 
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in this recombination process. In the CD71¯ T cell system, it would also be interesting to obtain 

transcriptomic (by RNA-seq) data and the genome-wide H3.3 deposition profile in both HIRA 

WT and CKO mouse.  By comparing the H3.3-EGFP ChIP-Seq and RNA-Seq result, we can 

investigate whether changes in gene expression are likely to be due to the loss of H3.3 

deposition by HIRA on these genes and whether the process of V(D)J recombination is also 

affected. The transcriptomic data would also allow us to determine whether the dynamic range 

of transcription in T cells is affected as was the case in developing oocytes (Nashun et al., 

2015b). 
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Chapter 4 - Investigation into the sexual dimorphism regulation by 

HP1γ in vivo  
 

4.1 Hypothesis and Aims 
 

This chapter is based on the recent observation in the lab that HP1γ knockout (HP1γ KO) may 

slow down male mouse embryonic fibroblast (MEF) proliferation, while female MEF 

proliferation was not significantly affected. Meanwhile, transcriptomic analysis was carried 

out to study the effect of HP1γ on gene regulation genome-wide in male and female MEFs 

(Law et al., 2019). RNA-sequencing (RNA-seq) revealed that the effect of HP1γ KO is much 

greater in males than that in females (Fig 4.1.1), which indicates that males have a higher 

dependency on HP1γ to maintain a normal gene expression profile. Moreover, gene ontology 

(GO) analysis on the differentially expressed genes (comparing wild type and knockout cells) 

implicated HP1γ in various biological processes, including cell cycle regulation, cell 

proliferation, RNA processing and chromosome segregation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.1.1. Volcano plot showing the differentially expressed genes in HP1γ wild-type MEFs 

compared to HOM MEFs. Green and red dots represent genes that are up-regulated and down-

regulated after HP1γ knockout respectively. Grey dots are genes not significantly affected.  A. In male 

MEFs, 3684 genes were up-regulated and 2005 were down-regulated. B. In female MEFs, 597 genes 

were up-regulated and 148 were down-regulated. This figure is adapted with permission from Dr Pui-

Pik Law (Law, 2015). 
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To study the different response to HP1γ KO between males and females, 176 sexual dimorphic 

genes were firstly identified, which have different expression levels in HP1γ wildtype males 

(WTM) compared with wildtype females (WTF) (Fig 4.1.2 A), including 114 female higher 

genes, where their expression level was higher in females and 62 male higher genes, where 

their expression level was higher in males. Interestingly, after HP1γ KO in males, the 

expression level of most female-higher genes was significantly increased (Fig 4.1.2 B/C), and 

the expression level of male higher genes was significantly reduced (Fig 4.1.2 E/F). However, 

the effect of HP1γ KO in females was less obvious (Fig 4.1.2 D/G). 
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Fig 4.1.2. Sexual dimorphic gene expression in WT MEFs and their sexual dimorphic response to 

HP1γ KO. A. Density plot of differentially expressed genes in HP1γ WTM and WTF MEFs. Dots above 

the black line are 62 genes with higher expression level in male (Male-higher genes); and dots below 

the black line are 114 genes with higher expression level in female (Female-higher genes). B. 

Expression level of female-higher genes in HP1γ WTM compared with WTF MEFs. C. Expression level 

of female-higher genes in HP1γ WTM compared with KOM MEFs. D. Expression level of female-higher 

genes in HP1γ WTF compared with KOF MEFs. E. Expression level of male-higher genes in HP1γ 

WTM compared with WTF MEFs. F. Expression level of male-higher genes in HP1γ WTM compared 

with KOM MEFs. G. Expression level of male-higher genes in HP1γ WTF compared with KOF MEFs. 

This figure is adapted with permission from Dr Pui-Pik Law (Law et al., 2019).  

 

 

As HP1γ was strongly implicated in regulating sexually dimorphic gene expression, a 

hypothesis was proposed that HP1γ participates with factors encoded by sex chromosomes to 

regulate autosomal gene expression and regulate different cell proliferation rates according to 

sex. Whether the effect of HP1γ in regulating the sexually dimorphic genes is direct or indirect 

is currently being investigated by ChIP-seq. 

 

Therefore, the present study was aimed at:  

1) Identifying the role of HP1γ in cell proliferation by comparing cell proliferation rate of 

HP1γ WT MEFs with HOM MEFs in both genders.  

2) Identifying the role of HP1γ on cell cycle progression by Propidium Iodide (PI) staining. 

3) Investigation on inactive X chromosome to see if inactive X chromosome could act as the 

“sink” for HP1γ. 
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4.2 Sex difference in proliferation rate and cell cycle upon HP1γ KO in MEFs  
 

Males and females possess sexual inequality in the number and type of sex chromosomes, 

which has been recognized as playing an important role in the determination of sex differences 

in physiology, behavior and susceptibility to many diseases (Arnold, 2012). A number of 

previous studies have shown the sex dimorphism in growth rate of mammalian embryos before 

differentiation of gonads in which, males were found to be developmentally more advanced 

relative to females (Burgoyne et al., 1995, Burgoyne, 1993, Thornhill and Burgoyne, 1993). 

However, the molecular mechanisms for these observations are not clear. Using gene ontology 

(GO) analysis of ex vivo primary MEFs, we found that cell cycle-related biological processes 

are affected in males but not in females upon HP1γ KO (Law, 2019). It has been shown 

previously that males were found to be developmentally more advanced in growth relative to 

females (Burgoyne et al., 1995, Thornhill and Burgoyne, 1993, Burgoyne, 1993). In line with 

these studies, we observed that male mouse embryonic fibroblasts (MEFs) (derived from 

embryonic day 13.5 (E13.5)) proliferate at a higher rate than female MEFs (Fig 4.2.1). To 

further investigate this sex difference, the genome-wide transcriptional profile of these cells by 

RNA-sequencing (RNA-seq) followed by Gene Set Enrichment Analysis (GSEA) recently 

done in our lab showed a significant sex difference in expressing a set of cell-cycle related 

genes between males and females (data not shown) (Law et al., 2019). This finding was 

consistent with the cell proliferation rate difference seen in this thesis (Fig 4.2.1). When we 

knocked out HP1γ in these cells, the proliferation rate of male MEFs reduced to a comparable 

level to that observed in WT females while the proliferation rate of female MEFs was 

unaffected (Fig 4.2.1). Moreover, another experiment done previously in our lab (Lakshmi 

Cadavieco, MSc student 2015) also showed that the proliferation rate of female MEFs appears 

not to be affected by HP1γ KO by comparing the change in cell number in females (data not 

shown). A proliferative defect was also detected in embryonic stem cells (ESCs) where HP1γ 
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knockdown slowed down the cell cycle of ESCs (Caillier et al., 2010). In most studies to date, 

the gender of the cells investigated was not specified, so the sex bias might be obscured.  

To summarize, depletion of HP1γ specifically slowed down male MEFs proliferation and 

hence equalized the different proliferation rate between the two sexes in HP1γ WT. Therefore, 

these data together suggest that HP1γ might be required for maintaining the sex difference in 

growth rate in mice (Burgoyne, 1995).  It should be noted, that as the fetal Leydig cells have 

only started to produce androgen (male sex hormone) at E13.5, therefore, the sexual difference 

in proliferation rate seen here is likely to be largely regulated by sex chromosome complement 

rather than gonadal hormones (Wijchers and Festenstein, 2011). 

  

 

Fig 4.2.1. Growth curve of male and female HP1γ WT and HP1γ KO MEFs. This graph is plotted by 

calculating the cell population doublings from day 0 to day 6. n≥3 (biological replicates) for each 

group. Error bars: SEM.  

 

 

Next, Propidium iodide (PI) staining followed by Florescence-activated cell costing (FACS) 

analysis was employed to investigate the cell-cycle changes between different genotypes in 

males. The result showed that in male MEFs, the proportion of cells at G1/0 stage of the cell 
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cycle was increased from 63.6% to 69.1% upon HP1γ KO; and the proportion of cells at S and 

G2/M stages was decreased from 21.6% and 19.8% to 11.6% and 10% respectively (Fig 4.2.2). 

A similar trend of cell population shift was seen in female MEFs, where the cell population in 

G1 phase was increased by approximately 10% (60.9%-70.1%) and decreased in S and G2/M 

phase by 6.77% and 3.02% respectively (Fig 4.2.2). Moreover, the same cell population shift 

was observed in female MEFs in Lakshimi Cadavieco’s result (MSc student, 2015) (Fig S8), 

which indicates that a higher proportion of MEFs were arrested at G1 phase in both HP1γ 

deficient male and female cells compared with WT. This suggests that this cell-cycle phenotype 

is not sexual dimorphic but occurs in both males and females following HP1γ KO.  
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Fig 4.2.2. Bar chart showing the cell-cycle analysis in MEFs in Males and Females. It showed the 

proportion of cells in each stage of cell cycle for HP1γ WT Male(n=3), Female(n=4) and HP1γ KO 

Male(n=3), Female(n=3). Three or four biological replicates gave the SEM, which is represented by 

the error bar. P values were calculated using student T test and showing at the bottom in green in each 

table. This data was produced together with Cristina Zhi (MSc thesis, 2016). 

 

 

Interestingly, the Gene Set Enrichment Analysis (GSEA) mentioned above also suggested that 

there were many more genes found to be dysregulated in male MEFs than in female MEFs in 

response to the HP1γ KO (Law et al., 2019). Among the 176 genes with sexually dimorphic 

expression identified by RNA-seq in WT cells, a key cell cycle inhibitor, Cdkn2a, was 

G1/0 S G2/M

HP1γ WT Male 63.6 21.6 11.6

HP1γ KO Male 69.1 19.8 10

P value 0.093629073 0.240365083 0.092783461
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identified, the expression of which was upregulated in HP1γ deficient male MEFs, but not in 

female MEFs. This gene might be implicated in the sexually dimorphic cell-cycle and cell-

proliferation response to HP1γ deficiency. Therefore, the mechanism underlying the sex-

difference in proliferation is amenable to further investigation given that Cdkn2a was found to 

be differentially expressed between the sexes in a HP1-dependent manner.  
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4.3 Different proteins bind to HP1γ in male and female MEFs as revealed by 

proteomic analysis  

 

Recently, we have obtained HP1γ immunoprecipitated (IP) protein samples in both sexes for 

mass spectrometry (MS) analysis (collaboration with Axel Imhof, Munich) to search for sex-

specific HP1γ binding proteins. Such proteins might be expected to target HP1γ to different 

regions of the genome in males and females leading to the sex-dimorphic effect of HP1γ in 

regulating autosomal gene expression. A list of the proteins found in each sex group is shown 

in Fig 4.3.1. The presence of CBX3 (HP1γ) in both sexes (red) indicates that the co-

immunoprecipitation of HP1γ worked (Fig 4.3.1). There is another important well-known 

protein identified in both sexes, Transcription intermediary factor 1-beta (also called KAP1 

(KRAB-associated protein-1); encoded by Tripartite motif-containing 28 (TRIM28) gene)), 

which interacts with KRAB-zinc finger proteins (KRAB-ZFPs) and targets HP1 to the inactive 

chromatin to repress gene transcription (Imbeault et al., 2017). Therefore, its presence in both 

sexes also indicated that the HP1γ Co-IP was effective (Fig 4.3.1 green). Additional approaches 

for checking the protein enrichment following IP are shown in Fig S5 and S6. Clearly, the 

HP1γ Co-IP in male appeared to work better and gave us higher protein enrichment (more 

proteins) (75 male only proteins) than female (23 female only proteins), although this might 

reflect a biological difference. By comparing male-only and female-only proteins, the binding 

of HP1γ to different groups of proteins found in male and female seems not differ much in 

terms of cellular functions. This could be solely due to the limitation of this experiment in this 

case i.e. quantity and quality of starting material.  
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Male only Proteins 

Protein names 

Sodium/potassium-transporting ATPase subunit alpha-2 

40S ribosomal protein SA 

Surfeit locus protein 4 

Cytochrome c oxidase subunit 5A, mitochondrial 

Catenin beta-1; Catenin beta; Armadillo segment polarity protein 

60S ribosomal protein L36a 

Translational activator GCN1 

FERM, RhoGEF and pleckstrin domain-containing protein 1 

Nucleolar protein 56 

Heterogeneous nuclear ribonucleoprotein K 

Coatomer subunit beta 

Stress-70 protein, mitochondrial 

Dolichyl-diphosphooligosaccharide--protein glycosyltransferase 48 kDa subunit 

Barrier-to-autointegration factor; Barrier-to-autointegration factor, N-terminally 

processed 

Allograft inflammatory factor 1 

Serine/arginine-rich splicing factor 10 

Ig kappa chain V-I region Ka 

Glyceraldehyde-3-phosphate dehydrogenase 

Sodium/potassium-transporting ATPase subunit alpha-1; Sodium/potassium-

transporting ATPase subunit alpha-3 

Protein S100-A10 

Integrin beta-1; Integrin beta-1-A 

60S ribosomal protein L5 

40S ribosomal protein S30 

Histone H2B type 1-F/J/Histone H2B type 1-L; Histone H2B type 1-P; Histone H2B 

type 1-K; Histone H2B; Histone H2B type 3-A; Histone H2B type 3-B; Histone H2B 

type 1-A 

40S ribosomal protein S14 

Hematopoietic lineage cell-specific protein 

60S ribosomal protein L9 

60S ribosomal protein L35 

60S ribosomal protein L17 

60S ribosomal protein L13a; Putative 60S ribosomal protein L13a protein RPL13AP3 

rRNA 2-O-methyltransferase fibrillarin 

Coatomer subunit beta 

Talin-1 

Dynamin 

V-type proton ATPase catalytic subunit A 

60S ribosomal protein L22 

60S ribosomal protein L36 
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Ran GTPase-activating protein 1 

40S ribosomal protein S5;40S ribosomal protein S5, N-terminally processed;40S 

ribosomal protein S5-1;40S ribosomal protein S5-2;40S ribosomal protein S5;40S 

ribosomal protein S5a 

60S ribosomal protein L29 

Translocon-associated protein subunit delta 

Coatomer subunit gamma-1 

Coatomer subunit alpha; Xenin; Proxenin 

40S ribosomal protein S29 

40S ribosomal protein S25 

40S ribosomal protein S28;40S ribosomal protein S28-2 

60S ribosomal protein L11 

Transformer-2 protein homolog beta 

Mitochondrial fission 1 protein 

DNA topoisomerase 2-beta; DNA topoisomerase 2 

FACT complex subunit SSRP1 

KH domain-containing, RNA-binding, signal transduction-associated protein 1 

Calponin-1 

Calponin-2 

Neuroblast differentiation-associated protein AHNAK 

Inverted formin-2 

Serine/arginine-rich splicing factor 7 

Nucleolar RNA helicase 2 

Coiled-coil domain-containing protein 102A 

Nucleolar protein 58 

Malectin; Malectin-B; Malectin-A 

Probable ATP-dependent RNA helicase DDX5 

Protein phosphatase 1 regulatory subunit 12A 

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 12 

60S ribosomal protein L10a 

EH domain-containing protein 2 

Sphingosine-1-phosphate lyase 1 

Leucine zipper protein 1 

Keratin, type II cuticular Hb2 

Reticulon-4 

NADH-cytochrome b5 reductase 3; NADH-cytochrome b5 reductase 3 membrane-

bound form; NADH-cytochrome b5 reductase 3 soluble form 

Activity-dependent neuroprotector homeobox protein 

Core histone macro-H2A.1 
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Female only Proteins 

Protein names 

Putative elongation factor 1-alpha-like 3; Elongation factor 1-alpha 1; Elongation factor 

1-alpha, somatic form; Elongation factor 1-alpha 2 

Heat shock cognate 71 kDa protein 

ATP synthase subunit alpha, mitochondrial 

40S ribosomal protein S9 

Polymerase I and transcript release factor 

Prelamin-A/C; Lamin-A/C 

Fibronectin; Anastellin 

Clathrin heavy chain 1 

60S ribosomal protein L7a 

60S ribosomal protein L7 

Histone H1.2 

Histone H2A type 1-D 

60S ribosomal protein L13 

Histone H1.1 

Histone H1.3 

60S ribosomal protein L6 

High mobility group protein HMGI-C 

14-3-3 protein gamma;14-3-3 protein gamma, N-terminally processed;14-3-3 protein 

gamma-A;14-3-3 protein gamma-1;14-3-3 protein gamma-B 

Ubiquitin-40S ribosomal protein S27a; Ubiquitin;40S ribosomal protein S27a; 

Ubiquitin-60S ribosomal protein L40; Ubiquitin;60S ribosomal protein L40; 

Polyubiquitin;Ubiquitin;Polyubiquitin-B;Ubiquitin;Polyubiquitin-

C;Ubiquitin;Polyubiquitin-C;Ubiquitin;Ubiquitin-related 1;Ubiquitin-related 

2;Polyubiquitin-C;Ubiquitin;Ubiquitin-related 

Guanine nucleotide-binding protein subunit beta-2-like 1; Guanine nucleotide-binding 

protein subunit beta-2-like 1, N-terminally processed 

Enhancer of rudimentary homolog 

Elongation factor 1-gamma 

Tropomyosin alpha-4 chain 

Cytoskeleton-associated protein 4 

Actin-related protein 2/3 complex subunit 1B 
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Proteins in both sexes 

Proteins names 

60S ribosomal protein L19 

60S ribosomal protein L15 

Transcription intermediary factor 1-beta 

Histone H2A.V; Histone H2A.Z; Histone H2A.v 

40S ribosomal protein S4;40S ribosomal protein S4, X isoform;40S ribosomal protein 

S4, Y isoform 1 

Histone H2A type 2-A; Histone H2A type 2-C; Histone H2A type 2-B 

Chromobox protein homolog 3 

ADP/ATP translocase 1; ADP/ATP translocase 3; ADP/ATP translocase 3, N-

terminally processed 

60S ribosomal protein L18a 

40S ribosomal protein S6 

Fig 4.3.1. Tables illustrating a list of proteins found associated with HP1γ by Mass Spectrometry 

(MS) in each group. There are 3 groups of proteins: Male only proteins, Female only proteins and 

proteins in both sexes. CBX3 protein in red in both sexes indicates the co-immunoprecipitation (Co-IP) 

of HP1γ worked. Proteins highlighted in green are splicing factors identified only in male HP1γ pull-

down samples.   

 

 

 

The comparison on HP1γ protein binding profile between female and male by mass 

spectrometry is shown in Fig 4.3.2. Proteins only identified in males (male only) are identified 

indicated by blue dots and they are lying on the X-axis as the normalization was done to male 

itself (Fig 4.3.2 blue). Whereas proteins only identified in females (female only) are shown as 

pink dots and they are spread along Y-axis with higher enrichment on the top (Fig 4.3.2 pink). 

Proteins identified in both sexes are showing as green dots with different enrichment following 

HP1γ IP (Fig 4.3.2 green). The numbers on each axis were calculated by the intensity ratio 

between the HP1γ IP and the control (IgG) IP (Log2 transformed and subtracted). As the male 

IP worked better compared to females, we normalized the signal of female only proteins and 

proteins in both sexes to males, which gave us an idea of the different proteins associated with 

HP1γ in each sex.  
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Fig 4.3.2. Scatter Plot of comparison on HP1γ protein binding profiles between female and male by 

MS. The intensity ratio between the HP1γ IP and the control IP (Log2 transformed and subtracted) from 

male and female samples is illustrated on X-axis and Y-axis respectively. Pink – female only proteins. 

Blue – male only proteins. Green – proteins in both sexes. Software for analyzing is adapted with 

permission  from “Andromeda: A Peptide Search Engine Integrated into the Max Quant Environment” 

Jurgen Cox et al., (Cox et al., 2011) (Axel Imhof, Munich). 
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4.4 HP1γ is involved in different protein networks  

 

Protein networks identified by clustering proteins into groups with feature similarities indicated 

that HP1γ might play a role in the context of chromatin, RNA splicing, coatomer and ribosomes 

(Fig 4.3.3). According to the string database (http://string-db.org), every node equals a protein 

and the lines between the nodes (edges) reflect known interactions from the literature (can be 

physical interactions or genetic interactions or simply based on text co-occurrence, hence the 

different colours of the edges).  

 

HP1γ is a well-known pericentric heterochromatin (PCH) structural protein that regulates gene 

silencing and to date, there is growing evidence suggesting that the role for HP1 proteins in 

epigenome stability goes beyond heterochromatin structure as they have been found in 

euchromatin (Minc et al., 2000) and play a role in gene expression, DNA replication, DNA 

repair, cell cycle, cell differentiation, and development (Maison and Almouzni, 2004). 

Therefore, it is not surprising to see the association between HP1γ and a number of proteins 

identified here functioning in the context of chromatin such as histone proteins, Signal 

Recognition Particle protein and Signal Sequence Receptor protein, which are involved in 

recognising and targeting nascent proteins to their proper membrane localization (Akopian et 

al., 2013) (Fig 4.3.3).  

 

 

4.4.1 HP1γ interacts with Coatomer proteins 

 

There is another group of proteins that belong to the Coatomer family which  also showed 

interaction with HP1γ. Coatomer is the coat protein of a soluble macromolecular Coat Protein 

Complex (COPs) that is involved in membrane traffic through the Golgi complex (Draper et 

http://string-db.org/
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al., 2001). It contains seven non-identical subunits (α, β, β′, γ, δ, ε, and ζ) (Waters et al., 1991, 

Malhotra et al., 1989). Coatomer coats Golgi-derived vesicles moving in bi-directions, either 

toward the plasma membrane or returning to the endoplasmic reticulum (ER) (Draper et al., 

2001). The association between HP1γ and Coatomer therefore might indicate, either that HP1γ 

exerts a real functioning role in these cytoplasmic processes (e.g. translation, membrane 

transport) or might just be due to the fact that HP1γ was pulled down during the co-

immunoprecipitation (Co-IP) process while being processed in the cytoplasm. Validation 

experiments to solve this problem could be that either we purify the nucleus separately from 

cytoplasm and perform HP1γ IP followed by mass spectrometry analysis or we could do 

western blot and immunofluorescence (IF) to validate. Recently, an HP1 isoform localization 

study in Drosophila reported that HP1b and HP1c, but not HP1a, are targeted to both the 

nucleus and cytoplasm via the C-terminal extension region (CTE) (Lee et al., 2019). This 

finding suggests that that HP1γ in our case might play a role in the cytoplasm. Of note, mass 

spectrometry is not strictly quantitative in this case but can be used to identify HP1γ partner 

proteins in males and females. To date, there appears to be no evidence in the literature showing 

sex differences in coatomer or the link between HP1 and coatomer.  

 

 

4.4.2 HP1γ interacts with ribosomal proteins 

 

The observations here showed that different ribosomal proteins were pulled down together with 

HP1γ following HP1γ Co-IP (Fig 4.3.3). Male MEFs have more ribosome proteins (18) 

identified than females (5) (Fig 4.3.1). To date, the sexually dimorphic expression of genes 

encoding ribosomal proteins L17 and L37 (RPL 17 and RPL37) in male and female zebras 

finches has been reported related to the sex difference in zebra finch song system (Tang and 

Wade, 2010). In their study, they showed more telecenphalon cell nuclei expressing RPL 17 
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and RPL37 in males compared to females, and the sex differences increased as animals 

matured. However, the mechanism that underlies this differential expression in male and 

female was not fully explored. Interestingly, this is consistent with our observation that we 

only found ribosomal protein RPL17 in the male samples as well (Fig 4.3.1 highlighted in 

yellow), which indicates that the sexual dimorphic regulation by HP1γ might involve the direct 

HP1γ and ribosomal protein interaction although the mechanism is unclear.  
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Fig 4.3.3. String network of proteins that were only identified in HP1γ IP but not in IgG IP 

(http://string-db.org). Lines that connect adjacent nodes (proteins) indicate different interaction 

between them. According to the String database (http://version10.string-

db.org/help/getting_started/#a-note-on-the-network-drawing-algorithm), Red line - indicates the 

presence of fusion evidence; Green line - neighbourhood evidence; Blue line - cooccurrence evidence; 

Purple line - experimental evidence; Yellow line – text mining evidence; Light blue line - database 

evidence; Black line – co-expression evidence.  Network after K means clustering into 4 clusters 

(Chromatin, Splicing, Coatomer and Ribosome) (Axel Imhof, Munich). 

 

 

 

 

 

4.4.3 HP1γ interacts with proteins involved in RNA splicing  

 

There are multi-level splicing cascades that regulate sex determination and sex-specific 

development in Drosophila melanogaster (Telonis-Scott et al., 2009, Schutt and Nothiger, 

2000, Baker et al., 1989, Forch and Valcarcel, 2003). The sex-determination gene, Sex-lethal 

(Sxl) is functionally expressed only in female flies and its expression is regulated by alternative 

RNA splicing which results in either the inclusion or exclusion of the third exon containing the 

translation stop codon (Sakamoto et al., 1992). In a more recent study, 417 multi-transcript 

genes that have been shown to be sex-specific in Drosophila melanogaster were examined by 

using exon-specific microarrays (Telonis-Scott et al., 2009). In this study, they showed that 

most of these loci possessed sex-biased splicing with 135 genes showing different alternative 

transcript usage in males compared to females (Telonis-Scott et al., 2009). This sex-biased 

splicing was seen in both gonadal tissue as well as somatic tissue, head. One underlying 

mechanism for HP1γ in regulating RNA splicing in Drosophila suggested that H3K9me3 and 

HP1 proteins appeared to recruit Heterogeneous Nuclear Ribonucleoproteins (hnRNPs) to 

form a chromatin-splicing adaptor system (Piacentini et al., 2009).  

 

To date, there has been strong evidence showing sex difference in RNA splicing in adult human 

brain and during sex determination in mice (Planells et al., 2019, Trabzuni et al., 2013). In 

http://string-db.org/
http://version10.string-db.org/help/getting_started/#a-note-on-the-network-drawing-algorithm
http://version10.string-db.org/help/getting_started/#a-note-on-the-network-drawing-algorithm
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mammalian systems, HP1γ has also been implicated in regulating alternative RNA splicing in 

a way that facilitates the inclusion of the alternative exons by slowing down RNA polymerase 

II elongation (Saint-Andre et al., 2011). In their study, it was suggested that HP1γ controls the 

rate of transcriptional elongation which favours different alternative splicing events. Although 

we have shown sex-dimorphic effects of HP1γ in transcriptional regulation (Law et al., 2019), 

nothing was known about any sex-dimorphic effect of HP1γ in RNA splicing yet. In this 

section, I examined whether the sex-dimorphic transcription difference previously identified 

resulted in an alternative splicing difference between the sexes or vice versa.  

 

Previous mass spectrometry analysis done in a Hela cell line identified some alternative 

splicing factors, as the interaction-partners of methylated H3 peptides which also pulled-down 

HP1 proteins (Loomis et al., 2009). My mass spectrometry results also revealed proteins that 

are involved in RNA processing (SRp20, hnRNPs and Helicases etc.) in HP1γ pull-down 

fractions (Fig 4.3.1 and 4.3.3). Taken together, it is reasonable to speculate that HP1γ might 

promote optimal co-transcriptional RNA processing through recruitment of the splicing 

machinery and further investigations on HP1γ in regulating RNA splicing will be discussed 

below. Importantly, the splicing factors were only pulled-down in the IP performed on male 

cells (Fig 4.3.1 highlighted in green) and were not pulled-down in the protein samples from the 

female cells. 

 

In this thesis, I investigated individual alternative splicing (AS) events (Fig 4.3.4) rather than 

transcript abundance, as the accurate quantification of the expression of individual transcripts 

is challenging with short or low abundance transcripts and genes with complex structures 

(Zhang et al., 2017a, Kanitz et al., 2015). This work, which was done with the help of the 

bioinformatician at MRC LMS (Sanjay Khadayate), identified groups of genes that were 
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alternatively spliced in a sexually dimorphic manner in E13.5 MEFs. Moreover, we also 

investigated the effect of HP1γ deficiency on both sexually dimorphically spliced genes and 

on all genes in male and female. This would address the hypothesis that HP1γ is important for 

sexually dimorphic alternative splicing. 

 

 

 

 

Fig 4.3.4. Schematic diagram of the exclusion and inclusion isoforms for the five models of 

Alternatve Splicing events that were examined in this thesis. SE: skipped exon/exon inclusion; 

A3SS/A5SS: alternative 3’/5’ splice site; MEX: mutually exclusive exons; RI: retained intron. White 

boxes, flanking constitutive exons; black boxes, alternative spliced exons/regions; solid lines, splice 

junctions supporting the inclusion isoform; This figure is adpted with permission from “Transcriptome 

analysis of alternative splicing events regulated by SRSF10 reveals position-dependent splicing 

modulation” Zhou X et al., (Zhou et al., 2014) 
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To investigate if there is any correlation between sex dimorphic gene expression and sex 

dimorphic splicing, I made a comparison between sex dimorphic gene expression and sex 

dimorphic splicing in males and females (Fig 4.3.5). In terms of gene expression, there is very 

little/no overlap between sex dimorphic splicing with the sex dimorphic gene expression result 

previously obtained (Law, 2019), which indicates that the sex difference in gene expression is 

not a result of difference in splicing and vice versa. Also, it has been suggested  that HP1γ is 

regulating RNA splicing by facilitating the inclusion of the alternative exons by slowing down 

RNA polymerase II elongation (Saint-André et al., 2011). As previous RNA-seq. data revealed 

that HP1γ was essential for sexually dimorphic gene expression (Law et al., 2019), we wanted 

to find out if HP1γ is also regulating RNA splicing differently in males and females. In order 

to further investigate the role of HP1γ in regulating RNA splicing in our models, the overlap 

between differentially spliced genes upon HP1γ KO in each sex were compared with the sex 

dimorphically spliced genes in HP1γ WT (Fig 4.3.6). For Skipped Exon (SE) and Retained 

Intron (RI) events, there are much more genes that are affected by HP1γ KO in males compared 

with that in females (Fig 4.3.6). A table containing a list of genes of which, the SE and RI 

events are sensitive to HP1γ KO in males and females are in Fig S14. Therefore, it would 

suggest that in general, males are more sensitive to HP1γ KO than females with respect to 

alternative splicing. More interestingly, we see a reduction in the number of sex dimorphically 

spliced genes when comparing male HP1γ KO to female HP1γ WT and an increase in the 

number of sex dimorphically spliced genes when comparing female HP1γ KO to male HP1γ 

WT in SE and RI events (Fig 4.3.6, 4.3.7 and 4.3.8). A table containing the genes whose sex 

dimorphic splicing was equalized by HP1γ KO in males and genes that acquired difference 

between the sexes in females with respect to SE and RI events upon HP1γ KO are shown in 

Fig S15. This indicates that HP1γ exerts opposite effects in regulating alternative splicing in 

males and females. This also suggests a potential role of HP1γ KO in ameliorating the sex 
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difference in alternative splicing. This result is consistent with the mass spec data following 

HP1 pull-down which identified the splicing factors in the male samples but not the female 

(Fig 4.3.1 – splicing factors highlighted in green).  

 

 

Fig 4.3.5. Schematic diagram showing little overlap between genes that are sexually dimorphic in 

expression and genes that are sexually dimorphic in alternative splicing in male and female MEFs 

for the five models of AS events that were investigated in this thesis. The analysis was done with help 

of Sanjay Khadayate (MRC London Institute of Medical Sciences, Imperial College London) using the 

statistical method multivariate analysis of transcript splicing (MATS) for detecting differential AS 

events from RNA-Seq data. Genes with significantly differential splicing were detected at a false-

discovery rate (FDR) cut-off of 0.05. Sex dimorphic in gene expression (yellow) on the right-hand side 

in each event include female higher genes and male higher genes identified by RNA-seq (Fig S11) (Shen 

et al., 2012, Law et al., 2019).  

Red – Genes that are sexually 

dimorphic in expression 

 

Yellow - Genes that are sexually 

dimorphic in alternative splicing  
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Red – Genes that are sexually 

dimorphic in alternative splicing  

 

Yellow - Genes that are differentially 

spliced upon HP1γ KO in Males 

 

Green - Genes that are differentially 

spliced upon HP1γ KO in Females 
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Fig 4.3.6. Schematic diagram showing the overlap between genes that are sexually dimorphic in 

alternative splicing, genes that are differentially spliced upon HP1γ KO in males and genes that are 

differentially spliced upon HP1γ KO in females.  

 

 

 

 

 

 
Fig 4.3.7. Schematic diagram showing the overlap between genes that are sexually dimorphic in 

alternative splicing and genes that are differentially spliced upon HP1γ KO in males compared to 

WT females.  

 

 

Red – Genes that are sexually 

dimorphic in alternative splicing  

 

Yellow - Genes that are 

differentially spliced upon HP1γ KO 

in Males compared to WT Females 
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Fig 4.3.8. Schematic diagram showing the overlap between genes that are sexually dimorphic in 

alternative splicing and genes that are differentially spliced upon HP1γ KO in females compared to 

WT males.  

 
 

 

In conclusion, HP1γ seems to play an important role in regulating sex dimorphic alternative 

splicing in males although the underlying mechanism is not yet known, the effect seems to be 

direct given that HP1γ appears to associate with the splicing factors in males but not females 

(see above). See section 4.7 for future work.   

Red – Genes that are sexually 

dimorphic in alternative splicing  

 

Yellow - Genes that are differentially 

spliced upon HP1γ KO in Females 

compared to WT Males 
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4.5 Inactive X chromosome – a ‘sink’ for HP1γ? 
 

4.5.1 Background  

 

Recently the importance of HP1γ in regulating sex differences has been demonstrated in our 

lab. How HP1γ contributes to the sexually dimorphic regulation of these genes remains unclear, 

however, there are several possibilities that can be tested relating to the X-chromosome ‘sink’ 

hypothesis and how HP1γ might be specifically targeted in a sex-specific manner to autosomal 

genes.  

 

The inequality in genomic dose of X genes leads to sex differences in traits via at least three 

possible mechanisms: escape from X-inactivation, X imprinting and epigenetic sinks (Arnold, 

2012). Recently, a growing body of studies, by employing the selected mouse models with the 

same type of gonad but with one versus two copies of the X chromosome, showed that mice 

with one X chromosome were strikingly different from those with two X chromosomes without 

the effect of gonadal hormones (Arnold et al., 2016). Mammalian X chromosome inactivation 

is a process that effectively reduces sex difference in expression of the X chromosome genes 

to compensate for having two X chromosomes in females compared to the one X chromosome 

in males (Itoh et al., 2007). However, X inactivation is not 100% complete, it has been reported 

that the number of genes that escape inactivation, ‘X escapees', is about 15% of the X 

chromosome genes in humans, and 3% in mice (Carrel et al., 1999, Berletch et al., 2010). An 

‘epigenetic sink’ represents the presence of a large inactive and heterochromatic X 

chromosome in XX cells that may attract heterochromatin modifiers or factors away from other 

chromosomes (Wijchers and Festenstein, 2011). Such a sink might explain the sex dimorphic 

effects of HP1γ on autosomal gene expression.  In a way, it provides a reservoir for those 

factors, which might result in a shift in the epigenetic status of the genome and gene expression 

(Arnold, 2012, Wijchers and Festenstein, 2011, Silkaitis and Lemos, 2014).  
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4.5.2 Results  

 

The aim in this section was to investigate if the inactive X chromosome in females is acting as 

a heterochromatic ‘sink’ which sequesters HP1γ to H3K9me3 sites on the inactive X 

chromosome. Here, we employed immortalized MEFs derived from F1 mice in which there is 

non-random X-chromosome inactivation (collaboration with Neil Brockdorff) to see the 

difference in HP1γ enrichment on the inactive X chromosome by performing HP1γ ChIP-seq. 

In these immortalized MEFs, the inactive X chromosome can be identified by single nucleotide 

polymorphisms (see Methods 2.3.1.2). The HP1γ enrichment in MEFs (with known inactive X 

chromosome) is shown in Fig 4.4.1, where the red track on the top represents the RNA-

sequencing data from the inactive chromosome X, followed by the published CBX3 (HP1) 

ChIP-sequencing data (Smallwood et al., 2012) (CBX3 IP – dark green; input – light green). 

The dark red and pink tracks at the bottom represents the HP1γ ChIP-sequencing results for 

HP1γ IP and input in immortalized MEFs respectively. By comparison, the overall pattern of 

HP1γ enrichment on the X chromosome is similar between the published CBX3 data in human 

(dark green) and HP1γ data in MEFs (dark red) if the background signal is subtracted (input 

lane – pink) (Fig 4.4.1). As mentioned in Smallwood et al.’s study, the genome-wide 

localization of CBX3 was enriched at genic regions, which is in strong correlation with gene 

activity across multiple cell types in human (Smallwood et al., 2012), the positive correlation 

between gene activity on the X chromosome and HP1γ enrichment has also been seen here (red 

– gene activity; dark red - HP1γ enrichment) (Fig 4.4.1). Next, we discriminated the active 

(Xa) and inactive X chromosomes (Xi) and compared the HP1γ enrichment on these 2 

chromosomes. We found that HP1γ enrichment on the Xi chromosome (green track at bottom) 

was diminished compared to the Xa chromosome (blue track above) (Fig 4.4.2), which suggests 

that the Xi chromosome might not serve as a sink for the HP1γ protein. The known inactive X 

escapee gene, Eif2s3x, which expressed on both Xa and Xi chromosomes showed high level of 
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expression on both alleles (blue and green peaks) compared to X chromosome gene, Zfx, of 

which, the expressed was only available on the Xa chromosome (Fig 4.4.3). The inactive X 

escapee gene, Eif2s3x also has HP1γ enrichment on Xi chromosome as well and it also 

correlates to the expression level. Therefore, the Xi chromosome seems to sequester HP1γ to 

genes that express on Xi chromosome, in other words, genes that escaped the X chromosome 

inactivation.  

 

To summarize, the HP1γ ChIP-seq result showed that HP1γ was enriched on the genic region 

of the Msn gene that is located on Xa chromosome and the level of enrichment correlated with 

its gene activity (Fig 4.4.1). However, when we looked at the Xi chromosome, where there is 

no Msn gene activity, the enrichment of HP1γ was diminished (Fig 4.4.2). Moreover, the 

inactive X-escapee gene, Eif2s3x (express on Xi chromosome) showed HP1γ enrichment on 

the Xi chromosome, which also correlated with its expression level (Fig 4.4.3). Therefore, the 

Xi chromosome seems not be the ‘sink’ for HP1γ but only to sequester HP1γ to genes that 

express on Xi chromosome, in other words, genes that escaped the X chromosome inactivation.    

 

However, it is important to note that during this analysis repetitive DNA sequences have 

largely been excluded as they cannot be uniquely mapped. As these repeats might be acting to 

sequester HP1γ, the sink effect might therefore not be visible. Further work should repeat the 

analysis using paired-end sequencing which is more likely to lead to mappable reads as well 

as an analysis of X-chromosome specific repetitive sequences. 
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Fig 4.4.1. ChIP-seq profiles of HP1γ enrichment on Msn gene on Xa chromosome in IPS cells and 

immortalized MEFs. Top track is showing the gene expression profile for Msn gene RNA-seq in WT 

MEFs. The following track in dark green is representing the CBX3 enrichment calculated as 

log2(IP/input) in IPS cells (Smallwood et al., 2012). Dark red track is the HP1γ enrichment calculated 

as log2(IP/input) in immortalized MEFs. Pink track is input. 
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Fig 4.4.2. ChIP-seq profiles of HP1γ enrichment on Msn gene on both Xa and Xi chromosomes in 

IPS cells and immortalized MEFs. Top 2 blue tracks are showing the gene expression profile for Msn 

gene on both Xa and Xi chromosome by RNA-seq in WT MEFs respectively. The following track in dark 

green is representing the CBX3 enrichment calculated as log2(IP/input) in iPS cells (Smallwood et al., 

2012) and dark red track below is the HP1γ enrichment calculated as log2(IP/input) on both alleles in 

immortalized MEFs. Two separated HP1γ enrichment on active and inactive X chromosome are 

showing in the consecutive tracks down at the bottom. 
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Fig 4.4.3. ChIP-seq profiles of HP1γ enrichment on Zfx and Eif2s3x genes in IPS cells and 

immortalized MEFs. Top 2 red squares showing Zfx expresses on active X chromosome only but 

Eif2s3x expresses on both alleles. CBX3 and HP1γ enrichment calculated as log2(IP/input) in IPS cells 

(Smallwood et al., 2012) and immortalized MEFs are followed. Dark red lane represents CBX3 

enrichment on both alleles while, HP1γ enrichment is illustrated in 2 constitutive lanes representing 

active and inactive X chromosome at the bottom. 
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4.6 Cdkn2a is implicated in sexual dimorphic cell-cycle response to HP1γ KO  

 

Among 176 sexual dimorphic genes, there is a key cell cycle regulator gene identified through 

RNA-seq analysis, Cdkn2a (cyclin dependent kinase inhibitor 2A), which may be implicated 

in the sexually dimorphic response to HP1γ deficiency shown here to affect cell cycle and cell 

proliferation. Cdkn2a is also known as the INK4A/ARF locus and is located on chromosome 4 

in mice (Zhang et al., 1998). It encodes two alternatively spliced transcripts, p16(INK4A) and 

p14(ARF), which differ in their first exon (Al-Kaabi et al., 2014) (Fig 4.5). p16(INK4A) acts 

at the G1/S checkpoint by binding to two cyclin-dependent kinases, CDK4 and CDK6 (cell 

cycle regulator), thus preventing phosphorylation of the retinoblastoma protein Rb. This further 

inhibits the release of transcription factors (TFs) that induce S phase progression. Rb is capable 

of inducing an irreversible state of cellular senescence via repression of E2F target genes and 

alterations in chromatin structure (Baker et al., 2008). Deficiency in p16(INK4) protein leads 

to improper progression from the G1 to the S phase, allowing continuous uncontrolled cell 

proliferation (Goldstein et al., 2006) (Fig 4.5). In contrast, p14(ARF) stabilizes and activates 

the tumor suppressor gene p53 from ubiquitin-mediated degradation by MDM2. Active p53 

induces the expression of p21, a negative cell cycle regulator which is an inhibitor of the 

CDK1-cyclin A/B complexes, thereby preventing G2/M progression (Fig 4.5). Activation of 

p53 triggers cell death by inducing expression of a number of downstream target genes 

implicated in apoptosis (e.g., Bim, Puma, Noxa, Bid, Bax and Apaf1) (Baker et al., 2008). The 

human papillomavirus oncoproteins E6 and E7 interfere in the Rb pathway and in the p53 

pathway respectively, in order to bypass the cell cycle checkpoints (Al-Kaabi et al., 2014) 

Therefore, both p16(INK4) and p14(ARF) are negative regulators of cell proliferation and 

hence tumor suppressor genes (Li et al., 2011).  
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Cdkn2a has been found expressed higher in HP1γ WT females than WT male according to the 

RNA-seq data (Fig S11 highlighted in yellow) and this has been validated by QRT-PCR 

(Cristina, MSc thesis, 2016) (Fig S10). However, the number of Cdkn2a transcripts was 

increased in male in response to HP1γ KO but there was no significant change in female by 

QRT-PCR (Cristina, MSc thesis, 2016) (Fig S10). The elevated expression of Cdkn2a may 

arrest the cell cycle and slow down cell proliferation (Krishnamurthy et al., 2006). 

Interestingly, overexpression using a vector encoding Cdkn2a can lead to G1 phase arrest in 

NIH3T3 mouse embryonic fibroblasts (Quelle et al., 1995). In a recent study, the neural 

subtype of human glioblastoma (GBM) with Cdkn2a deletion has been found to exhibit sex 

differences (Sun et al., 2015). 

 
Fig 4.5. Cell cycle arrest by Cdkn2a. The Cdkn2a gene encodes two proteins, p16(INK4A) and 

p14(ARF), which differ in their first exon. The p16(INK4A) protein inhibits the CDK4/6-cyclin D1 

complexes, keeping the retinoblastoma (Rb) proteins in a dephosphorylated state, and enables binding 

and inactivating the E2F transcription factors. p16(INK4A) is also upregulated by E2F. In contrast, 

p14(ARF) stabilizes and activates the tumor suppressor gene p53 by inhibiting MDM2, which 

inactivates p53 by ubiquitin-mediated degradation. Active p53 induces the expression of p21, a negative 

cell cycle regulator which is an inhibitor of the CDK1-cyclin A/B complexes, thereby preventing G2/M 

progression. The human papillomavirus oncoproteins E6 and E7 interfere in the Rb pathway and in the 

p53 pathway, to bypass the cell cycle checkpoints. This figure is adapted with permission  from 

“p16INK4A and p14ARF Gene Promoter Hypermethylation as Prognostic Biomarker in Oral and 

Oropharyngeal Squamous Cell Carcinoma: A Review” Ai-Kaabi et al., (Al-Kaabi et al., 2014). 
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4.7 Future work  
 

Future experiments to explain the observations seen in Chapter 4 regarding: 

1. Role of HP1γ in regulating sexually dimorphic gene expression. 

2. Proliferation advantage in males is completely dependent upon HP1γ.  

3. Differential protein binding to HP1γ in male and female MEFs. 

4. Sex dimorphic regulation of RNA alternative splicing by HP1γ.  

 

Role of HP1γ in regulating sexually dimorphic gene expression 

Together with previous transcriptomic data that showed the effect of HP1γ in regulating 

sexually dimorphic gene expression, where HP1γ KO exerted a bigger effect in male MEFs 

than females. This suggests that HP1γ may play an essential role in regulating the differential 

autosomal gene expression in male and female.  

 

To date, little is known about the molecular mechanisms underlying these sexual differences.  

Further investigation on the genome-wide HP1γ distribution on sexual dimorphic genes will 

determine whether the sex-specific regulation might be due to different genomic distributions 

of HP1γ. This will be done by HP1γ Chromatin immunoprecipitation followed by high 

throughout sequencing (ChIP-seq). 

 

Proliferation advantage in males is completely dependent upon HP1γ 

Cdkn2a may be an interesting target for investigating the sex-difference in proliferation 

regulated by HP1γ, given that Cdkn2a is differentially expressed between the sexes in an HP1γ 

-dependent manner. Since Cdkn2a is a master regulator of cell-cycle arrest and cellular 

senescence as discussed above, further studies will focus on whether the increased expression 

of Cdkn2a in HP1γ KO male MEFs is the main cause of their senescence. Firstly, Senescence-
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associated-β-galactosidase (SA-β-gal) cytochemical method will be used to measure the 

proportion of senescent cells in each passage and in the meantime, the expression level of 

Cdkn2a will be detected by QRT-PCR in each passage. A rescue experiment that knocks-down 

or knocks-out Cdkn2a in HP1γ KO male MEFs would help determine whether the potentially 

increased cellular senescence in HP1γ KO male MEFs is due to the overexpression of Cdkn2a.  

 

Differential protein binding to HP1γ in male and female MEFs. 

The Mass Spec. experiments reported here suggest sex dimorphic binding of proteins to 

HP1 This result needs to be reproduced and validated by Co-IP and western blot. The 

underlying mechanism of sex-specific binding needs to be addressed (see Section 4.5.1 and 

1.9). It is possible that HP1 or its binding partners are post-translationally modified to facilitate 

sex-specific binding or that a sex specific protein is responsible for the sex dimorphism 

detected here. 

 

Sex dimorphic regulation of RNA alternative splicing by HP1γ 

HP1γ has been implicated in regulating alternative RNA splicing by slowing down RNA 

polymerase II elongation to facilitate the inclusion of the alternative exons (Saint-Andre et al., 

2011). Here we show, for the first time, that sex-dimorphic alternative splicing is regulated in 

a subset of mammalian genes by HP1. This group of sexually dimorphically spliced genes did 

not overlap with those genes previously identified from the same data as differentially 

expressed between the sexes. This makes it unlikely that the differences in splicing were 

directly due to expression levels. ChIP sequencing data (currently being pursued in the lab by 

Manos Stylianakis) will determine whether there is any sex difference in the binding to the 

splice sites of the genes identified here as differentially spliced. 
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Chapter 5 – Concluding Remarks  
 

This thesis has focused on two distinct but potentially related chromatin proteins, HIRA and 

HP1 to investigate their roles in vivo in mice. This final section discusses potential similarities 

and differences in their possible roles and further experiments to investigate how they might 

co-operate in vivo. 

 

 

5.1 Conclusions - Chapter 3 

 

HIRA deficiency results in premature expression of the ‘memory’ T cell marker CD44 in naïve 

single positive T cells in the thymus. Moreover, the CD44 population in the periphery (lymph 

node and spleen) was also increased. These effects might be due to: 1) pre-mature activation 

of the commitment to the memory T cell lineage that circumvents exposure to antigen in the 

thymus; 2) a CD44 locus-specific effect of HIRA deficiency in de-repressing this specific gene 

which is normally transiently expressed during early development (Fig 1.8.1) and then 

subsequently silenced and 3) decreased output of total number of T cells from the thymus 

during T cell development leading to aberrant proliferation in the periphery. Further 

investigations on how to dissect these possibilities were discussed in section 3.7.3.1. 

 

HIRA deficiency inhibits TCRα V(D)J rearrangement in the CD71- double positive cell 

population in mouse thymus in vivo. We considered that this might be due to: 1) direct 

regulation by altered H3.3 incorporation. A previous study found that H3.3 was enriched at the 

V(D)J region of Ig loci (Aida et al., 2013), which implies that H3.3 might also participate in 

TCRα V(D)J recombination as these regions which are subjected to frequent histone exchange 

in terms of both the recycling and turnover of histones. Further looking into what nucleosome 

density favors successful recombination will provide an indication as to whether the impaired 
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VDJ recombination upon HIRA KO is directly regulated via H3.3 or not (also see section 

3.7.3.2), 2) an indirect regulation - in this case dysregulation of the components of the TCR 

recombination machinery upon HIRA KO leads to downstream impairment of V(D)J 

recombination (see section 1.8.5), 3) HIRA deficiency may also affect other cellular pathways 

(e.g. CD44 upregulation), which results in cells that cannot respond efficiently to the 

recombination signal or progress through differentiation. Finally, it is unclear if HIRA KO 

influences a subset of cells or whether all cells are affected equally, further studies might 

include high-throughput single-cell analysis by ATAC-seq (Chen et al., 2018) and RNA-seq. 
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5.2 Conclusions - Chapter 4 
 

 

5.2.1 Depletion of HP1γ specifically affects male MEFs’ proliferation and hence 

equalized the difference in cellular proliferation rate between the two sexes.  

 

This indicates that HP1γ is required for maintaining the sex difference in cellular proliferation 

in MEFs. As there is a documented sex difference in embryonic growth rate (Burgoyne et al., 

1995), it is possible that the proliferation difference seen here underpins this embryonic 

phenomenon, further experiments in the lab are currently assessing growth rate of embryos 

with and without HP1. As mentioned previously (see section 4.2), GSEA showed a large set 

of cell-cycle genes that are differentially expressed between the sexes and these genes are 

affected enbloc by HP1γ deficiency in males but not females.  The underlying mechanism of 

regulation of these genes is unclear. However, Cdkn2a is a good candidate as target for the 

HP1γ effect and this effect could be direct or indirect. Ways to dissect this would involve: a 

rescue experiment, in which we can overexpress Cdkn2a gene in HP1γ KO male MEFs to see 

if male MEFs proliferate to a similar rate as female MEFs as HP1γ appears to act as a repressor 

of the Cdkn2a gene in males. Meanwhile ChIP would reveal whether HP1γ binds to the Cdkn2a 

gene in a sex-biased manner which would favor a direct effect.   

 

Cell-cycle arrest at G1/0 after HP1γ KO was minor and is not a sexually dimorphic phenotype 

as it occurred in both sexes (Fig 4.2.2). So, this is unlikely, therefore to account for the cellular 

proliferation difference seen between the sexes. 

 

5.2.2 HP1γ is implicated in the regulation of sex dimorphism in alternative RNA 

splicing in males 

 

During transcription, RNA Pol II passage requires the disruption of chromatin structure, which 

is known to be dynamically regulated by chromatin modifiers, post translational modifications 
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on histones and histone variants (Kulaeva et al., 2007). HP1γ has been shown to regulate 

splicing (Saint-Andre et al., 2011, Smallwood et al., 2012, Rachez et al., 2019) (Fig S13), 

where they showed that accumulation of HP1γ on CD44 pre-mRNA slows down the RNA Pol 

II, which in turn facilitates recruitment of splicing factors leading to inclusion of CD44 variant 

exons (Saint-Andre et al., 2011). Although the alternative splicing events we investigated here 

(SE and RI mainly) are different from those in that paper, where they examine exon inclusion, 

our analysis suggests that HP1γ regulates alternative RNA splicing in a sex-biased way, where 

males are more sensitive to HP1γ KO (Fig 4.3.6). Our analysis by comparing the sex dimorphic 

effect of HP1γ KO on alternative splicing and gene expression suggests that the sex difference 

in gene expression is not a result of the difference in splicing and vice versa (Fig 4.3.5).  

 

The data shown here strongly implicate HP1γ in regulating sex differences in alternative 

splicing. This is because: 1) splicing factors were identified by mass spec as associating with 

HP1 only in males (Fig 4.3.1) and 2) the difference in alternative splicing between the sexes, 

identified in wildtype MEFs, was strongly ameliorated by HP1γ KO in males but not in females 

(Figure 4.3.7, 4.3.8 and 4.3.9).  

 

 

5.2.3 Why are both HP1γ and H3.3 localized to highly expressing genes? 

 

There are some intriguing similarities in the distribution of both HP1γ and H3.3 in relation to 

gene expression. To date there is no clear explanation for why HP1γ is present at higher levels 

on expressing genes. Interestingly, H3.3 also has this property. Several experiments previously 

published have shown an association between HP1γ and H3.3 (Law, 2015, Kim et al., 2011). 

In the study by Kim et al both HP1γ and H3.3 were shown to cooperate in the expression of 

the HSP70 gene (Kim et al., 2011). Pui Pik Law, a PhD in the lab, co-immunoprecipitated both 
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HP1 and H3.3 showing that indeed in our system they are interacting (data not shown). Several 

hypotheses have been suggested to explain the presence of HP1γ on highly expressed genes; 

one suggestion is that HP1γ stabilizes the primary transcript which further facilitates RNA 

splicing and RNA processing (Smallwood et al., 2012, Piacentini and Pimpinelli, 2010). The 

reason put forward to explain why H3.3 is found in a similar distribution on highly expressed 

genes has been attributed to the less stable nucleosomal properties, when they contain H3.3, 

thereby facilitating progress of RNAPII through the highly active genes. It is possible that there 

are, as yet unknown functionally important interactions between HP1γ and H3.3 in this context 

and further work would be necessary to define any precise functional interaction. For example, 

in vitro mutagenesis studies could elucidate the precise interacting domains which could be 

mutated in cells or animals to investigate the effect on transcriptional regulation. 

To further investigate the potential functional interaction between H3.3, HIRA and HP1γ in 

vivo, the following experiments could be done: 

 

1. Biochemical approaches include IP and mass spectrometry on HIRA and HP1γ. The 

HP1γ mass spectrometry experiment presented in this thesis did not pull-down HIRA 

but this may be due to the absence of a direct association between them or alternatively 

HIRA may be difficult to be picked up with mass spectrometry. Alternatively, 

immunoprecipitation followed by western blot would enable checking whether HIRA 

is enriched in the HP1γ pull-down.  

 

2. In vivo genetic approaches include looking for effects on H3.3 or HP1γ genome-wide 

enrichment in HIRA KO and HP1γ KO cells. This could be done by ChIP-seq for these 

proteins comparing WT with KO. An analysis of the genome-wide distribution of 

H3.3B-EGFP in both HP1γ WT and HP1γ KO MEFs has been done in the lab (Law, 
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2015), which showed that the HP1γ deficiency leads to a disproportionate increase in 

H3.3B-EGFP enrichment around the TSS compared with the gene body and with the 

biggest change seen on highly expressed genes (Fig S12). Of course, at present the 

function of HP1 on the gene bodies and promoters of active genes is unknown. Thus, 

there appears to be an interaction between HP1 and H3.3 genomic localization, 

however the mechanism whereby HP1 deficiency changes H3.3 localization and the 

potential functional significance is unknown. It would be important to verify the change 

in H3.3 distribution by a different method using the H3.3 antibody for ChIP rather than 

relying on the EGFP tag. If this result was verified it is possible therefore that HP1 

and H3.3 interact to regulate gene transcription with different effects at the TSS and the 

gene body. The result as it stands suggests that HP1 prevents the incorporation of H3.3 

to a greater extent at the TSS compared with the gene body on highly expressed genes 

(Fig S12). This suggests that HP1 might be involved in the regulation of DNA 

accessibility (see section 1.5.5.1) at the promoter and perhaps affect RNA splicing (see 

section 1.7.2) on the gene body via affecting H3.3 turnover. Further experiments in the 

lab are currently investigating this by using CAGE (Cap analysis gene expression). 

 

 

 

5.2.4 HIRA and HP1 regulate senescence in a possible pathway involving cdkn2a  

 

Two cell-cycle inhibitors p16/INK4 and p19/ARF were found to be expressed at high levels in 

cultured senescing cells, which are believed to play an important role in the establishment of 

the senescent state (Kamijo et al., 1997, Sherr, 2001). They are both encoded by Cdkn2a genes. 

In our study of HP1γ, Cdkn2a was found to be differentially expressed between the sexes in an 

HP1γ-dependent manner (Fig S11), which may implicate a possible mechanism/pathway that 

involves both HP1γ and Cdkn2a in regulating sex difference in cell proliferation in MEFs. As 
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discussed before, p16INK4/pRB pathway is a key effector of cellular senescence (Mirzayans 

et al., 2012), senescence regulation by Cdkn2a therefore might involve HP1γ because HP1γ 

appears to repress Cdkn2a expression in males (as HP1γ KO leads to Cdkn2a upregulation in 

male MEFs) (See section 4.6 and Fig S11). Given that HP1γ and H3K9Me2/3 are components 

of senescence-associated heterochromatin foci (SAHF) formed in many senescent cells 

(Mirzayans et al., 2012) it is also possible that HP1 may play a role in their formation although 

the function of these foci is unclear and they have not been clearly observed in mice (Aird and 

Zhang, 2013).  Interestingly, HIRA has also been shown to play a key role in the formation of 

SAHF (Zhang et al., 2007). During the formation of SAHF, physical interactions between anti-

silencing function 1a (ASF1a) with H3 and HIRA is essential and only HP1γ but not HP1α/β 

becomes phosphorylated in order to be incorporated into SAHF (Zhang et al., 2007). It is 

interesting that both HIRA and HP1γ as well as HIRA’s binding partners (UBN1, CABIN1, 

and ASF1a) have been implicated in chromatin regulation in senescent cells (Banumathy et al., 

2009, Zhang et al., 2005b)  

 

Non-proliferating senescent cells express a subset of replication-dependent histone genes 

(Marzluff et al., 2008) in which HIRA is responsible for the trafficking of histones (mainly 

histone H3.3 and H4) into chromatin at PML bodies (Delbarre et al., 2013, Chang et al., 2013). 

This process is accompanied by DAXX targeting histone H3.3 to pericentromeric 

heterochromatin in senescent cells (Corpet et al., 2014). Moreover, HIRA deficient mice also 

showed both impaired differentiation and senescence that led to epidermal hyperplasia in mice, 

indicating that HIRA plays a key role in regulating the chromatin landscape of senescent cells 

(Rai et al., 2014).  
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5.2.5 HP1γ, HIRA and Immunology 

 

The gene ontology term for immune function was highly enriched upon HP1γ KO in males on 

analysis of the transcriptomic data from MEFs (Law, 2015). Moreover, analysis of 

transcriptomic data from HIRA deficient thymocytes also identified enrichment for GO terms 

related to T cell biology, in which, most biological processes that were affected significantly 

were those related to T-cell biology (Vineet Sharma PhD thesis 2014). Interestingly, proteomic 

analysis also suggested that HIRA deficiency led to altered protein levels of enzymes for 

catalyzing histone PTMs such as SUV39H1 (-26%), HAT1(-24%) HDAC2 (-28%) HDAC1 (-

10%) DNMT1 (-29%), SETD7 (+18%) as well as HP1 proteins of which all three isoforms 

showed altered protein levels, HP1γ (-44%), HPα (-42%) and HP1β (-47%) in HIRA KO 

thymus (Vineet Sharma PhD thesis 2014). Both HIRA and HP1γ are implicated in the immune 

system which led us to consider whether these two proteins participate in the same axis for 

regulating genes in the immune pathway. The coordination between H3.3 and HP1γ has been 

reported previously on the HSP70 gene, in which, H3.3 and HP1γ have been found co-enriched 

at the promoter of HSP70 gene by immunoprecipitation (Kim et al., 2011). Studies on T cell 

turnover suggested that typical naïve T cells are long-lived resting cells that can remain in the 

resting state for years in humans and even some memory T cells appear to return to a resting 

state eventually (Tough and Sprent, 1995). Therefore, histone H3.3 would be the only H3 that 

are being synthesized in these resting T cells as it is thought to be expressed throughout the 

whole cell cycle (Wu et al., 1982). Also, in the lab, we have shown by co-immunopreciptation 

and western blot that H3.3 and HP1γ interact in MEFs (Law, 2015) (data now shown). 

Additionally, there are many examples of autoimmune disorders that are sex biased and hence, 

it is possible that the interaction between HP1 and HIRA/H3.3 is important for the sexually 

dimorphic gene expression.   
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5.3 Summary  
 

In Chapter 3, we demonstrated that HIRA deficiency results in premature expression of the 

‘memory’ T cell marker CD44 in naïve single positive T cells in the thymus and periphery as 

well as impaired TCRα V(D)J rearrangement in CD71- double positive cell population in 

mouse thymus in vivo. Moreover, HIRA deficiency identified Gene Ontology (GO) terms 

including the immune system (Vineet Sharma PhD thesis 2014).  

 

Taken together, these observations suggest a potential role of HIRA in regulating T cell 

development and TCRα V(D)J recombination. Future investigations could be done in two 

directions: firstly, to determine if the whole T cell developmental program for generating 

memory cells has been reprogrammed, we can either look for the memory type cytokine 

secretion by artificially activating naïve T cells (from HIRA WT and CKO) or compare the 

transcriptomic data obtained from these upregulated CD44 expressing cells with normal naïve 

T cells. Secondly, if abnormal T cell development is not the cause of premature CD44 

expression, HIRA may play a role in a repressive pathway for keeping the CD44 gene silenced. 

This could be further studied by examining genome-wide H3.3 deposition in these abnormal 

CD44 expressing T cells. Similarly, looking further into what nucleosome density favors 

successful V(D)J recombination is desired and will indicate whether this downregulation effect 

upon HIRA KO is directly via H3.3 or not.  

  

The results listed in Chapter 4 suggest a male-specific role for HP1γ in regulating sexually 

dimorphic gene expression and alternative splicing which in turn contributes to sexual 

differences. Interestingly, HP1 pull-downs suggested a sex dimorphism in the binding of other 

proteins to HP1. However, the molecular mechanism underlying sexual dimorphism mediated 

by HP1γ remains to be further studied. To explain the male-specific regulation, there are 
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several possibilities including the ‘sink hypothesis’, inactive-X chromosome escapees, and Y 

chromosome genes. In this chapter, we raised the hypothesis that the inactive X chromosome 

in females might be acting as a heterochromatic ‘sink’ that sequesters HP1γ away from the 

euchromatic regions. However, the ChIP-seq result obtained in immortalized MEFs with non-

random X inactivation suggests that the inactive X chromosome might not be a ‘sink’ for HP1γ 

but instead sequesters HP1γ to genes that express on the Xi chromosome, in other words, genes 

that escaped X chromosome inactivation. However, as discussed before (section 4.5.2), the 

‘sink’ effect might not be visible due to the exclusion of the repetitive DNA sequences that 

cannot be uniquely mapped in this study. Further work should repeat the analysis using paired-

end sequencing which is more likely to lead to mappable reads as well as an analysis of X-

chromosome specific repetitive sequences. Further studies on the Y chromosome genes that 

are uniquely present in males could be another direction to explore the underlying the 

mechanisms that contribute to HP1γ’s largely male-specific regulation of gene expression.  
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Fig S1. Representative genotyping results. Genotype of transgenic animals or E13.5 embryos were 

determined by PCR followed by visualisation of PCR products on DNA agarose gel.  (A)  PCR result 

for HP1γ genotyping.  PCR for HP1γ genotyping showed a 501bp band for wild type allele and a 525bp 

band for mutant allele. (B) PCR result for H3.3B-EGFP genotyping. Animals which express H3.3B-

EGFP fusion protein showed a 272bp band while wild type animals show no band on gel. (C) PCR 

result for Kdm5d genotyping for sex determination of embryos. Male animals showed a 597bp band 

while female animal showed no band. (D) PCR result for HIRA genotyping. Heterozygous animal 

(HIRA +/-) which expresses both wild type and mutant allele showed 2 bands at bp and bp respectively. 

HIRA WT animal only showed upper band 417at bp and HIRA HOM CKO animal only showed lower 

band at 291bp. (E) PCR result for Cre genotyping. Animals which express Cre showed a band at 148bp 

while Cre negative animal showed no band. 

 

 

 

Fig S2. EGFP expression as measured by Flow cytometry. The histogram on the left is showing the 

thymocytes taken from transgenic (H3.3B-EGFP) mouse, which has an EGFP gene knocked in to H3.3B 

gene. It showed a specific high signal of EGFP compared to that in WT mouse thymocytes which didn’t 

show any signal in Gate M2.  
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Fig S3. Representative gel for sheared chromatin. Chromatin from MEFs and thymocytes was 

prepared using Bioruptor® (Diagenode) to obtain sample enriched in chromatin fragments with size 

of about 150-300bp.         
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Fig S4. FACS plots showing different T cell marker expression in different cell population in mouse 

thymus, lymph node and spleen. A. CD4 T cell/CD8 T cell ratio didn’t change much in thymus, lymph 

node and spleen. B/C/D. FACS plots showing CD44 upregulation in different cell populations in lymph 

node and spleen. But CD44 expression didn’t change in DP cells in thymus.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig S5. Validation of co-immunoprecipitation experiment. HP1γ protein was enriched in the pulled-

down fraction prepared using anti-HP1γ antibody and diminished in the unbound fraction. This result 

indicates the high efficiency of pull-down.  Co-immunoprecipitation experiment in WT MEFs using 

anti-H3 antibody revealed H3 in both HP1γ pulled-down and unbound fractions acts as an internal 

control. 
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Fig S6. Scatter Plot of comparison between HP1γ IP vs IgG IP in female sample. This comparison 

was used to check protein enrichment following IP. iBAQ values (intensity based absolute values) of 

HP1γ _IP (y-axis) versus IgG IP (x-axis). Green color: low abundance in input. Blue color: high 

abundance in input. Dots located close to Y-axis have a higher enrichment. “Andromeda: A Peptide 

Search Engine Integrated into the MaxQuant Environment” Jurgen Cox et al. (Cox et al. 2011). 
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Fig S7. Representative result obtained from Bioanalyzer High Sensitivity DNA Analysis for checking 

size and quality of ChIP sequencing library. (A) Gel image and (B) electropherograms of the prepared 

ChIP sequencing library showing enrichment of DNA fragment of about 200-400bp which indicate the 

size of DNA to be sequenced are of about 150-350bp (without ligated adaptors).   
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Fig S8. Cell-cycle analysis as assessed by PI staining using flow cytometry (FACS) (work done by 

Lakshmi Cadavieco, MSc student, 2015). Chart displaying the mean proportion of cells in each cycle 

phase for the genotypes HP1γ KO (n=4), HP1γ Heterozygous (n=3) and HP1γ WT (n=6) of female 

MEFs. The error bar corresponds to the SEM. Student’s T test indicated as p value comparing HP1γ 

WT and HP1γ KO.  
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Fig S9. FACS plots showing CD4, CD8, CD71 and EGFP expression during CD71 cell sorting. 
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Fig S10. Gene expression level of Cdkn2a in original RNA-seq samples. This figure shows the relative 

expression level of Cdkn2a in original RNA-seq samples detected by QRT-PCR. Cdkn2a expression 

level didn’t change much in response to HP1γ KO in female according to the student’s two-tailed t-test. 

However, in male, the level of Cdkn2a expression went up by 50%. (18s rRNA expression was used to 

normalize the data. The error bars stand for SEM of three biological replicates.) * represents 0.001<P< 

0.05, ** represents P<0.001, “ns” represents non-significant (P≥0.05) The table below shows the 

expression level of different genotypes obtained by RNA-seq. This figure is adapted with permission 

from Cristina MSc thesis, 2015. 
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Sex dimorphic genes identified in WT MEFs by RNA-seq 
higher expression in male    higher expression in female   

Eif2s3y    Xist  

Ddx3y    Eif2s3x  

Kdm5d    5530601H04Rik  

Uty    Ppef1  

Erdr1    Gda  

Gpr165    Malat1  

Lrrc10b    Neat1  

Dkk1    4933411K16Rik  

Tslp    Pcdha10  

Pi16    9430076G02Rik  

Chodl    Mc2r  

Col2a1    Gm4013  

Krt75    Pcdha9  

Fgf9    Abcg1  

Gjb6    Rgs11  

Thbs4    Xdh  

Hapln1    Pisd-ps2  

Adcy2    C2  

Dlk1    Rhbdl1  

Syndig1l    Stap2  

Klhl29    H2-DMb1  

2810032G03Rik    1700071M16Rik  

Ramp2    Liph  

Ace    4930565N06Rik  

Krt13    Nlrc3  

Krt14    Kcnj15  

S100b    Kng2  

Susd2    Slc7a4  

Bmp5    Kifc2  

Stac    Parp10  

1700048O20Rik    Cma2  

Gsta4    Ptger2  

Gramd2    Gzmd  

1700102P08Rik    Gzmc  

Cdh8    Mcpt8  

Clgn    Hist1h3d  

Lpl    Fam228b  

Acan    4930447C04Rik  

Scube2    F730043M19Rik  

Hif3a    Ccl8  
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Ntrk3    Doc2b  

Gpr27    Pisd-ps1  

Klf14    Rasl10b  

Tril    Fbxw10  

Eln    Sfi1  

Col8a2    Bzrap1  

Frem1    Cntnap1  

Col9a2    Havcr2  

Ptx3    Slc16a11  

Agtr1b    Arg1  

Sfrp2    Hal  

Snord73a    Gstt2  

Fam83c    Gm5134  

Mylk2    Acp5  

Pcsk2    Fxyd2  

Adamtsl2    Cxcr6  

Wnt6    Mmp3  

Pappa2    Cck  

Col9a1    Cmtm8  

Gsta3    Pstpip1  

Angptl1    Mmp13  

Darc    Mmp10  

    Hapln4  

    Chst5  

    Mboat4  

    Insl3  

    Snord68  

    Acta1  

    Lrp2bp  

    Slc27a1  

    Slc5a5  

    Nlrc5  

    Gpr123  

    Syt17  

    2810047C21Rik1  

    Apoc2  

    Tnfrsf26  

    Crym  

    0610005C13Rik  

    Calcb  

    Fam19a1  

    Clec2e  
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    Vwf  

    B230378P21Rik  

    Alox5  

    Spp1  

    Plac8  

    Fbxo24  

    Ppbp  

    Tfr2  

    Bmp8b  

    Cdkn2a  

    Rex2  

    Tas1r1  

    Angptl7  

    1300002K09Rik  

    Tnfrsf18  

    Rnf207  

    Car9  

    LOC100038947  

    Tgm2  

    Angpt4  

    Slc52a3  

    Gm996  

    1700020A23Rik  

    Rhov  

    Siglec1  

    Olfr1316  

    Htr2b  

    Otos  

    Nphs2  

    Kcnh1  

    Fam5c  

    Creg2  
  
Fig S11. List of genes with either higher expression in WT male compared to WT female or vice 

versa in MEFs (for at least 1.5 folds, adjusted P-value < 0.05). Cdkn2a (highlighted in yellow), which 

may be implicated in the sexually dimorphic response to HP1γ deficiency shown here to affect cell cycle 

and cell proliferation. This figure is adapted with permission from Vineet Sharma PhD thesis 2014. 
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Fig S12. Average profile plot for H3.3B-EGFP enrichment of genes grouped into four tiers 

by expression level in HP1γ WT and HOM MEFs. X-axis shows the normalized length where ‘Start’ 

indicates TSS and ‘End’ indicates TES. Y-axis shows the coverage in windows. ‘First Quartile’ 

represents genes with lowest expression level while “Fourth Quartile’ represents genes with highest 

expression level. Data is shown as a proportion of input. In both HP1γ WT and KO MEFs, high level 

of H3.3B-EGFP enrichment was observed on highly expressed genes. High level of binding of H3.3B-

EGFP was observed in both HP1γ WT and KO MEFs on highly expressed genes while lowest expressed 

genes have relatively low level of H3.3B-EGFP. The central dip at TSS was preserved on the highest 

expressed genes but lost on the lowest expressed genes. In HP1γ KO MEFs, enrichment of H3.3B-EGFP 

at the region around the TSS was increased on the top quartile of highly expressed genes. n=1(P. P. 

Law PhD thesis, 2016). 
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Fig S13. Schematic diagram showing the model of the regulation of CD44 splicing by H3K9me3 and 

HP1γ. In the absence of the H3K9me3 mark, HP1γ is present at low levels on the chromatin, possibly 

via its interactions with the RNA Pol II or the globular domain of histone H3. Under these conditions 

the RNA Pol II moves fast along the variant region of the gene, and the spliceosome recognizes only 

the splice sites of constant exons. These constant exons remain in contact with the chromatin via the 

spliceosome and the RNA Pol II, whereas the variant exons not bound by spliceosomes keep contact 

with the chromatin only via the RNA Pol II. Altogether, this results in inclusion of only the constant 

exons in the mature mRNA. (b) When levels of H3K9me3 increase inside the CD44 gene and/or when 

HP1γ becomes more available (possibly released from the heterochromatin by phosphorylation), HP1γ 

forms an additional link with chromatin via its chromodomain. It accumulates on the coding region 

where it associates with the pre-mRNA and favors its transient retention on the chromatin. The 

generated chromatin structures slow down the RNA Pol II, which in turn facilitates recruitment of 

splicing factors such as U2AF65 and PRP8 on the pre-mRNA. This leads to increased inclusion of 

CD44 variant exons. This figure is adapted with permission from “Histone H3 lysine 9 trimethylation 

and HP1gamma favor inclusion of alternative exons” (Saint-André et al., 2011) 
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SE sensitive to HP1γ KO in Males RI sensitive to HP1γ KO in Males 
gene symbols (34 genes) gene symbols (258 genes)   

Rbm39 Snapc4     

0610011L14Rik Cdk4     

Mprip Srrm1     

Fam73b Nfatc4     

Srsf6 2400003C14Rik    

4933431E20Rik Nagk     

Whrn Nfx1     

Zfp277 Celf1     

Pcyox1 Hmgn3     

Pde7a Gpn3     

Armcx1 Gba2     

Pif1 Adamts10    

St7 Gnb2     

Cpa6 Ppp5c     

Srsf3 Psrc1     

Slc29a3 Mms19     

Apbb2 Mtx1     

Mrps10 Alad     

2210015D19Rik Sugp2     

Sdcbp Baz2b     

Zcrb1 Rfx5     

Slco4a1 Atp6v0a1     

Ccdc46 Hdac3     

Tcf3 Qars     

Tsc2 Pqlc2     

Srsf11 Nrbp1     

Inca1 Brd8     

Hsf1 1110038D17Rik    

Usf2 Pnpt1     

Abi3bp Sharpin     

2700081O15Rik Ufd1l     

Pkm2 1810074P20Rik    

Vmn1r90 Surf2     

Pan2 Idh3g     

  Pick1     

  Actr5     

  Stab1     

  Npr2     

  Ing4     

  Wdr54     

  Spag9     

  Acaa1a     
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  Armcx2     

  Bcas2     

  Orc3     

  Skiv2l     

  Atp13a2     

  Cep110     

  Smox     

  Polr2i     

  H2-Q4     

  Cnot3     

  Fam53a     

  Vill     

  Ipo8     

  Npepl1     

  Tnfaip2     

  Nat10     

  Anapc2     

  Sirt7     

  Cpsf4     

  Fastk     

  Ddx39     

  Tfe3     

  Tial1     

  Wdr11     

  Dvl1     

  Golga1     

  Dgkz     

  Stx4a     

  Slc35b4     

  4930471M23Rik    

  Lrdd     

  Ddx5     

  Chd8     

  Ampd2     

  Ciz1     

  H2-T23     

  Tbrg1     

  Top3b     

  Trp53     

  Sh3glb2     

  Arfrp1     

  ORF61     

  Hps1     

  Rab4b     
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  Hnrnph1     

  Mthfsd     

  Hdac10     

  Cpsf3l     

  Tecpr1     

  Ttc12     

  9430008C03Rik    

  Tmem87b    

  Ctdsp1     

  Zfp384     

  Rpl30     

  Mapk7     

  Ppox     

  Zfp326     

  Wdr77     

  Arrb2     

  Tbxas1     

  Rtel1     

  Dmap1     

  Rpl10a     

  Slc30a9     

  Cdk16     

  Ppid     

  Nek8     

  Sgsm3     

  Ppp1cc     

  Nr1h2     

  Sdccag3     

  Rasal3     

  Irf3     

  Parp3     

  Adam15     

  Mars     

  Lig3     

  Stx5a     

  Stk25     

  Sec11c     

  Dmxl2     

  Msh3     

  Ncf1     

  Mettl17     

  Ccdc59     

  Dom3z     

  Mrps17     
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  Zbtb17     

  Polr2e     

  Prpf40b     

  Ints2     

  Timm44     

  Trafd1     

  Edc4     

  Klhdc4     

  Rabep2     

  Cdc25b     

  Gtpbp2     

  U2af1l4     

  Rcbtb2     

  Fbxl20     

  Ctsa     

  Kdelc1     

  Scnm1     

  Gpc2     

  Rbmx     

  F630028O10Rik    

  Snx5     

  Mrps26     

  Rrp9     

  1110034B05Rik    

  1600027N09Rik    

  Wdr8     

  Neu1     

  Mrps10     

  Utp11l     

  Gdi1     

  Cope     

  Ccnl2     

  Prkcd     

  Acad9     

  Psmc5     

  Sfrs18     

  Cep250     

  Uros     

  Wipi2     

  Pdlim7     

  Eif4a1     

  Zfp523     

  Pddc1     

  Mus81     
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  Saal1     

  Rabl2     

  Atg4b     

  Ddx55     

  Srp19     

  Thoc2     

  Tctex1d2     

  Arhgap4     

  Hps5     

  Samhd1     

  Emg1     

  Gmppb     

  Tnip2     

  Tia1     

  Fxc1     

  Mum1     

  S100pbp     

  Wbp1     

  Zranb2     

  Snf8     

  Phb2     

  0610037L13Rik    

  Becn1     

  Map4k5     

  Adsl     

  Srsf5     

  Ankzf1     

  Wdr83     

  Psmd4     

  M6pr     

  Nob1     

  Slc50a1     

  Haus5     

  Farsa     

  Dus1l     

  Clk2     

  Sec63     

  Copg     

  Smpd4     

  Arhgef2     

  Arhgef1     

  Map4k2     

  Bcl6     

  Ppp2r4     
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  Cnbp     

  Pnkp     

  Tubgcp3     

  Slc25a22     

  Cenpa     

  Trim28     

  Skp2     

  Aifm1     

  Chkb     

  Lrrc56     

  Jtb     

  Use1     

  Tcirg1     

  Maged1     

  Htra2     

  Mllt3     

  Alkbh6     

  Pcyt2     

  Arrdc1     

  Ino80e     

  Mib2     

  Adrbk1     

  Phkg2     

  Plk3     

  Phtf1     

  Trmu     

  Usp5     

  Acp2     

  D4Wsu53e    

  Phc1     

  Nsmaf     

  D14Ertd668e    

  Maged2     

  Ptov1     

  Ncaph2     

  Madd     

  Raf1     

  5730403B10Rik    

  Hace1     

  Ilk     

  Man2c1     

  Sfr1     

  Ikbkb     

  Igf2     
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  Spag7     

  Dpysl4     

  Mamld1     

  Slc7a4     

  Flt3l     

  Pank4     

  Renbp     

  Ssr4     

  Fam50a     

  Eif4a2     

  Hirip3     

  Slc22a17     

  Pstpip1     

  Dlk1     

  Tead3     

  Cdca3     

  Prrc2a     

  Npdc1     

  Zfp873     

  Hnrnpl     

  Rif1     

  Hsd3b7     

  2310035K24Rik    

  Aftph     

  Aurkb     

  Tmem44     

  Cpne1     

  Zbtb48     

  Pms2     

  Wdr75     

  3110002H16Rik    

  Adamtsl5     

  Mrps2     

  Smurf1     

  Ydjc     

  Anxa11     

  Ppan     

  Fus     

  Rnf214     

  1700021K19Rik    

  Whrn     

  Ebf4     

  Pqlc3     

  Pear1     
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  Adam33     

  Unc13a     

  Trappc6a     

  0610010K14Rik    

  Ccdc111     

  Sh2b3     

  Znrf1     

  Nfrkb     

  Dpp7     

  Dgkq     

  Eri2     

  Pigq     

  Lypla2     

  Pfas     

  Mis18bp1     

  Lztr1     

  Prdx5     

  Tbc1d17     

  Vldlr     

  Eno2     

  2610507B11Rik    

  Hdac6     

  Cul5     

  Fchsd1     

  Sned1     

  Atg16l1     

  Meis3     

  Nol9     

  Nae1     

  Cdc7     

  Dvl3     

  Sbf1     

  St7     

  Shroom3     

  Abhd11     

  Gramd4     

  Slc2a3     

  Tmed4     

  Atat1     

  Arl2     

  Dapk1     

  Cstf2     

  Maf1     

  Chrd     



243 
 

  2610039C10Rik    

  Dtx2     

  Slc2a8     

  Crocc     

  Mapre3     

  Itga2b     

  Zfpl1     

  Afap1l1     

  Tank     

  Alx4     

  Sestd1     

  Ndor1     

  1500010J02Rik    

  Mtmr2     

  Trmt2b     

  Trabd     

  Ager     

  Gm7964     

  Ncapg     

  Rpp21     

  Rapgef3     

  Atp1a3     

  Gria3     

  Crtc2     

  Clk1     

  2410002F23Rik    

  Tmem134    

  5830418K08Rik    

  Rint1     

  Dmpk     

  Luc7l     

  Trmt2a     

  Spag5     

  Nle1     

  Clcn3     

  Tmem208    

  Clcf1     

  Stk11     

  Txn2     

  Dcxr     

  Guf1     

  Leprel2     

  BC017158     

  Pcnxl3     
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  Setdb1     

  Aasdh     

  Podn     

  Mat2a     

  Cnot6     

  Ift80     

  Eps15     

  Slc26a10     

  Tmem209     
 

SE sensitive to HP1γ KO in 
Females 

RI sensitive to HP1γ KO in 
Females 

gene symbols (12 genes) gene symbols (8 genes)   

Aak1 Dpysl4       

Celf4 Igf2     

Dennd1a Ikbkb     

Fam171a1 Mamld1     

Kcnt2 Man2c1     

Lmbr1 Pi16     

Mbp Sfr1     

Mtf2 Spag7     

Rims1       

Scube1       

Sft2d1       

Tdp2         

 

Fig S14. List of genes of which alternative splicing was sensitive to HP1γ KO in males and females 

respectively. There are 34 and 12 (skipped exon event) and 258 and 8 genes (retained intron event) that 

were identified to be affect by HP1γ KO in males and females respectively.  
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SE - genes were corrected by HP1γ in Males  RI - genes were corrected by HP1γ in Males  

0610011L14Rik    0610037L13Rik    
2210015D19Rik    1110034B05Rik    
2700081O15Rik    1110038D17Rik    
4933431E20Rik    1600027N09Rik    
Abi3bp    1810074P20Rik    
Apbb2    2400003C14Rik    
Armcx1    4930471M23Rik    
Ccdc46    5730403B10Rik    
Cpa6    9430008C03Rik    
Fam73b    Acaa1a    
Hsf1    Acad9    
Inca1    Acp2    
Mrps10    Actr5    
Pan2    Adam15    
Pif1    Adam8    
Rbm39    Adamts10    
Sdcbp    Adrbk1    
Slc29a3    Adsl    
Slco4a1    Aifm1    
Srsf11    Alad    
Srsf3    Alkbh6    
Srsf6    Ampd2    
St7    Anapc2    
Tcf3    Ankzf1    
Tsc2    Arfrp1    
Usf2    Arhgap4    
Vmn1r90    Arhgef1    
Whrn    Arhgef2    
Zcrb1    Armcx2    
Zfp277    Arrb2    
     Arrdc1    
     Atg4b    
     Atp13a2    
     Atp6v0a1    
     Baz2b    
     Bcas2    
     Bcl6    
     Becn1    
     Brd8    
     Ccdc59    
     Ccnl2    
     Cdc25b    
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     Cdk16    
     Cdk4    
     Celf1    
     Cenpa    
     Cep110    
     Chd8    
     Chkb    
     Ciz1    
     Clk2    
     Cnbp    
     Cnot3    
     Cope    
     Copg    
     Cpsf3l    
     Cpsf4    
     Ctdsp1    
     Ctsa    
     Cxcl16    
     D4Wsu53e    
     Ddx39    
     Ddx5    
     Ddx55    
     Dgkz    
     Dmap1    
     Dmxl2    
     Dom3z    
     Dus1l    
     Dvl1    
     Edc4    
     Emg1    
     F630028O10Rik    
     Fam53a    
     Farsa    
     Fastk    
     Fbxl20    
     Fxc1    
     Gba2    
     Gdi1    
     Gnb2    
     Golga1    
     Gpc2    
     Gpn3    
     Gtpbp2    
     H2-Q4    
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     H2-T23    
     Hace1    
     Haus5    
     Hdac10    
     Hdac3    
     Heatr7a    
     Hmgn3    
     Hps1    
     Hps5    
     Htra2    
     Idh3g    
     Ilk    
     Ing4    
     Ino80e    
     Ints2    
     Ipo8    
     Irf3    
     Jtb    
     Kdelc1    
     Klhdc4    
     Lig3    
     Lrdd    
     Lrrc56    
     M6pr    
     Madd    
     Maged1    
     Maged2    
     Map4k2    
     Map4k5    
     Mapk7    
     Mars    
     Mettl17    
     Mib2    
     Mllt3    
     Mms19    
     Mrps10    
     Mrps17    
     Mrps26    
     Msh3    
     Mtx1    
     Mum1    
     Mus81    
     Nagk    
     Ncaph2    
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     Ncf1    
     Nek8    
     Neu1    
     Nfatc4    
     Nfx1    
     Nob1    
     Npepl1    
     Npr2    
     Nr1h2    
     Nrbp1    
     Nsmaf    
     ORF61    
     Orc3    
     Pafah1b1    
     Pak1ip1    
     Parp3    
     Pcyt2    
     Pddc1    
     Pdlim7    
     Phb2    
     Phc1    
     Phkg2    
     Phtf1    
     Pick1    
     Pnkp    
     Pnpt1    
     Polr2e    
     Polr2i    
     Ppid    
     Ppox    
     Ppp1cc    
     Ppp2r4    
     Ppp5c    
     Pqlc2    
     Prkcd    
     Prpf40b    
     Psmc5    
     Psmd4    
     Psrc1    
     Ptov1    
     Qars    
     Rab4b    
     Rabep2    
     Rabl2    
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     Raf1    
     Rasal3    
     Rbmx    
     Rfx5    
     Rpl10a    
     Rpl30    
     Rrp9    
     Rtel1    
     Samhd1    
     Scnm1    
     Sdccag3    
     Sec11c    
     Sec63    
     Sfrs18    
     Sft2d1    
     Sgsm3    
     Sh3glb2    
     Sharpin    
     Sirt7    
     Skiv2l    
     Skp2    
     Slc25a22    
     Slc30a9    
     Slc35b4    
     Slc50a1    
     Smox    
     Snapc4    
     Snf8    
     Snx5    
     Spag9    
     Srp19    
     Srrm1    
     Srsf5    
     Stab1    
     Stk25    
     Stx4a    
     Stx5a    
     Sugp2    
     Surf2    
     Taz    
     Tbrg1    
     Tbxas1    
     Tcirg1    
     Tctex1d2    
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     Tecpr1    
     Tfe3    
     Thoc2    
     Tia1    
     Tial1    
     Timm44    
     Tle2    
     Tmem198b    
     Tmem214    
     Tmem87b    
     Tnip2    
     Top3b    
     Trafd1    
     Trim28    
     Trmt1    
     Trmu    
     Trp53    
     Ttc12    
     Tubgcp3    
     Txlna    
     U2af1l4    
     Ufd1l    
     Uros    
     Use1    
     Usp5    
     Utp11l    
     Vill    
     Wbp1    
     Wdr11    
     Wdr54    
     Wdr77    
     Wdr8    
     Wipi2    
     Zfp326    
     Zfp384    
     Zfp523    
        Zranb2       
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SE - genes were corrected by HP1γ in 
Females  RI - genes were corrected by HP1γ in Females  

Apbb2    0610010K14Rik     

Ccdc46    0610037L13Rik     

Cdc25c    1110034B05Rik     

Cnot2    1110038D17Rik     

D6Wsu116e    1500010J02Rik     

Enox    1600027N09Rik     

Fam73b    1810074P20Rik     

Gfra4    2400003C14Rik     

Ggnbp1    2410002F23Rik     

Inca1    2610039C10Rik     

Mprip    2610507B11Rik     

Pan2    3110002H16Rik     

Pde7a    4930471M23Rik     

Prdm5    5830418K08Rik     

Rbm39    9430008C03Rik     

Sgip1    Acaa1a      

Slc29a3    Acad9      

Slco4a1    Acp2      

Srsf11    Actr5      

Srsf6    Adam15      

Tpm1    Adam33      

Tsc2    Adam8      

U2af1l4    Adamts10     

Vmn1r90    Adrbk1      

Whrn    Adsl      

Zfp277    Afap1l1      

     Aifm1      

     Alad      

     Alkbh6      

     Ampd2      

     Anapc2      

     Ankzf1      

     Anxa11      

     Arfrp1      

     Arhgap4      

     Arhgef1      

     Arhgef2      

     Armcx2      

     Arrb2      

     Arrdc1      

     Atat1      

     Atg16l1      
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     Atg4b      

     Atp13a2      

     Aurkb      

     BC017158      

     Baz2b      

     Bcas2      

     Bcl6      

     Becn1      

     Brd8      

     Ccdc59      

     Ccnl1      

     Ccnl2      

     Cdc25b      

     Cdc7      

     Cdca3      

     Cdk16      

     Cdk4      

     Celf1      

     Cenpa      

     Cep250      

     Chd8      

     Chkb      

     Ciz1      

     Clcf1      

     Clk1      

     Clk2      

     Cnbp      

     Cnot6      

     Cope      

     Copg      

     Cpne1      

     Cpsf3l      

     Cpsf4      

     Crocc      

     Crtc2      

     Cstf2      

     Ctdsp1      

     Ctsa      

     D14Ertd668e     

     D4Wsu53e     

     Ddx39      

     Ddx5      

     Ddx55      

     Dgkq      
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     Dgkz      

     Dmap1      

     Dmpk      

     Dmxl2      

     Dom3z      

     Dpp7      

     Dtx2      

     Dus1l      

     Dvl1      

     Dvl3      

     Edc4      

     Eif4a1      

     Emg1      

     Eps15      

     Eri2      

     F630028O10Rik     

     Fam53a      

     Farsa      

     Fastk      

     Fbxl20      

     Fchsd1      

     Fxc1      

     Gba2      

     Gdi1      

     Gnb2      

     Golga1      

     Gpc2      

     Gpn3      

     Gramd4      

     Gtpbp2      

     Guf1      

     H2-Q4      

     H2-T23      

     Hace1      

     Haus5      

     Hdac10      

     Hdac3      

     Hdac5      

     Hdac6      

     Heatr7a      

     Hmgn3      

     Hnrnph1      

     Hps1      

     Hps5      
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     Htra2      

     Idh3g      

     Ift80      

     Ilk      

     Ing4      

     Ino80e      

     Ints2      

     Ipo8      

     Irf3      

     Jtb      

     Kdelc1      

     Klhdc4      

     Leprel2      

     Lig3      

     Lrdd      

     Lrrc56      

     Lypla2      

     M6pr      

     Madd      

     Maged1      

     Maged2      

     Map4k2      

     Map4k5      

     Mapk7      

     Mapre3      

     Mars      

     Mat2a      

     Mettl17      

     Mib2      

     Mllt3      

     Mms19      

     Mrps10      

     Mrps17      

     Mrps26      

     Msh3      

     Mthfsd      

     Mtmr2      

     Mtx1      

     Mum1      

     Mus81      

     Nae1      

     Nagk      

     Nat10      

     Ncapg      
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     Ncaph2      

     Ncf1      

     Nek8      

     Nfatc4      

     Nfrkb      

     Nfx1      

     Nob1      

     Nol9      

     Npdc1      

     Npepl1      

     Npr2      

     Nr1h2      

     Nrbp1      

     Nsmaf      

     ORF61      

     Orc3      

     Parp3      

     Pcnxl3      

     Pcyt2      

     Pddc1      

     Pdlim7      

     Pfas      

     Phb2      

     Phc1      

     Phkg2      

     Phtf1      

     Pick1      

     Pms2      

     Pnkp      

     Pnpt1      

     Polr2e      

     Polr2i      

     Ppan      

     Ppid      

     Ppox      

     Ppp1cc      

     Ppp2r4      

     Ppp5c      

     Pqlc2      

     Pqlc3      

     Prkcd      

     Prpf40b      

     Psmc5      

     Psmd4      
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     Psrc1      

     Ptov1      

     Qars      

     Rab4b      

     Rabep2      

     Rabl2      

     Raf1      

     Rapgef3      

     Rasal3      

     Rbmx      

     Rcbtb2      

     Rfx5      

     Rif1      

     Rnf214      

     Rpl10a      

     Rpl30      

     Rpp21      

     Rtel1      

     S100pbp      

     Saal1      

     Samhd1      

     Sbf1      

     Scnm1      

     Sdccag3      

     Sec11c      

     Setdb1      

     Sfrs18      

     Sft2d1      

     Sgsm3      

     Sh3glb2      

     Sharpin      

     Sirt7      

     Skiv2l      

     Skp2      

     Slc25a22      

     Slc2a8      

     Slc30a9      

     Slc35b4      

     Slc50a1      

     Slc7a4      

     Smox      

     Smpd4      

     Smurf1      

     Snapc4      



257 
 

     Sned1      

     Snf8      

     Spag5      

     Spag9      

     Srp19      

     Srrm1      

     Srsf5      

     St7      

     Stab1      

     Stk11      

     Stk25      

     Stx4a      

     Stx5a      

     Sugp2      

     Surf2      

     Tank      

     Taz      

     Tbc1d17      

     Tbrg1      

     Tbxas1      

     Tcirg1      

     Tctex1d2      

     Tead3      

     Tecpr1      

     Tfe3      

     Thoc2      

     Tial1      

     Timm44      

     Tle2      

     Tmed4      

     Tmem134     

     Tmem198b     

     Tmem209     

     Tmem214     

     Tmem44      

     Tmem87b     

     Tnfaip2      

     Tnip2      

     Top3b      

     Tor1b      

     Trabd      

     Trafd1      

     Trappc6a      

     Trim28      
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     Trmt1      

     Trmt2b      

     Trmu      

     Trp53      

     Tubgcp3      

     Txlna      

     U2af1l4      

     Ubc      

     Ufd1l      

     Uros      

     Usp5      

     Utp11l      

     Vill      

     Vldlr      

     Wbp1      

     Wdr11      

     Wdr54      

     Wdr77      

     Wdr8      

     Wdr83      

     Wipi2      

     Zbtb17      

     Zbtb48      

     Zfp326      

     Zfp384      

     Zfp523      

     Zfpl1      

        Zranb2         

 

Fig S15. Genes that were equalized with respect to SE between the sexes in males and genes that 

acquired difference between the sexes in females with respect to SE upon HP1γ KO. There is a 

reduction in the number of genes that are sexually dimorphic spliced in males and in females there is 

an increase in the number of genes that are still sexually dimorphic spliced. These gene lists were 

obtained by comparing between Venn diagrams illustrated in Fig 4.3.6 vs Fig 4.3.7 and Fig 4.3.6 vs 

Fig 4.3.8.  
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Fig S16. Relative enrichment of H3.3 on Gapdh, Pdx1 and Neurod6 genes in HIRA WT and HIRA 

HOM CKO thymocytes as revealed by ChIP. Upon HIRA KO, the enrichment of H3.3 was reduced. 

But this anti-H3.3 antibody gave a very signal on all genes and the big error bar indicates that the 

variation between biological samples is big. Error bars: SEM. n=4 (biological replicates). Error bars: 

SEM. 
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