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Abstract  
 

The promyelocytic leukaemia protein (PML) has seven splice variants expressed in 
humans enabling this protein to conduct numerous biological functions ranging from 
tumour suppression, antiviral responses to transcriptional regulation. This study 
focuses on the PML isoform II (PMLII) and its role in regulating transcription of genes 
involved in the immune response upon viral infection.  
 

The PMLII protein is an important PML isoform found within small nuclear structures 
called PML-nuclear bodies (PML-NBs) and is involved with many cellular processes. 
PMLII is a key element of the immune response to viral infections, interacting with 
numerous components in signalling pathways associated with type I and II interferon 
(IFN) responses, including transcription factors such as NFκB and STAT1. It has been 
shown that PMLII is vital for regulating gene expression and for efficient induction of 
IFN stimulated genes (ISGs) during responses to viral infections. This function is 
brought about through PMLII interacting with many proteins, such as CREB binding 
protein (CBP), assisting with transcriptional complex assembly, and functions to 
change the chromatin landscape by moderating chromatin remodelling enzymes, 
including the SWItch/Sucrose Non-fermentable (SWI/SNF) complex and histone 
chaperone proteins, such as Death Domain Associated Protein (DAXX).  
 
Through the use of chromatin immunoprecipitation-qPCR studies, the extent to which 
PMLII was involved in changing histone markers present upon the chromatin of the 
IFNβ gene and ISG54 was investigated. Genome-wide ATAC sequencing analysis was 
also conducted to identify PMLII-depended changes in chromatin openness that 
occurred under both IFN-stimulated and basal conditions. Co-immunoprecipitation 
experiments were also performed to investigate interactions between PMLII and 
proteins involved in regulating transcription and chromatin structure. 
 
The results from these experiments indicated an involvement of PMLII in regulating 
the histone markers on the IFNβ and ISG54 genes, with changes in both markers of 
transcriptional activity and inactivity potentially altered by the absence of PMLII. The 
ATAC sequencing analysis showed a clear role for PMLII in determining chromatin 
openness both at rest and upon IFN stimulation, with numerous significantly different 
regions of chromatin identified upon removal of PMLII. Comparative analysis of 
chromatin from each condition was used to identify different temporal patterns 
whereby genes activated by IFN varied in their rate of inactivation, but also showed 
different enriched motifs and GO terms within each distinct temporal group.  
 
The enriched motifs found within these analyses define the factors through which 
PMLII is eliciting its changes to the chromatin and regulating gene transcription. These 
changes confirmed the involvement of PMLII in the innate immune response, but also 
implied involvement of PMLII with the nervous system and other pathways. However, 
the exact mechanism by which PMLII is connected to each motif and its mechanism 
of action is not yet fully characterised. Further research into pathways highlighted by 
this work involving PMLII interacting with various proteins will better improve our 
understanding of this multifaceted protein. As PMLII is important in ensuring 
appropriate immunological signalling and regulates gene expression, alterations in 
these processes are linked with many pathologies including autoimmunity, arthritis 
and cancers. By better understanding how PMLII functions, novel therapies could be 
developed for these immunological diseases. 
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1 Introduction 

 

This thesis investigates the involvement of the promyelocytic leukaemia (PML) 

protein in regulating the expression of genes within human cells. In particular, the 

research focuses on elucidating the function of PML during activation of inducible 

genes during the innate immune response to viral stimuli. This chapter discusses the 

current knowledge and background information on topics such as the PML proteins 

and the innate immune response, as well as introducing the involvement of histones 

and post-translational histone modifications in regulating transcription.  

 

Current knowledge of how PML functions indicates an involvement of this protein in 

a multitude of different roles ranging from viral defence, regulation of apoptosis, 

neuronal development and responding to DNA damage. However, the details behind 

the plethora of functions attributed to this protein remains elusive. Important 

information such as which PML isoform is involved with each specific function is 

often unknown. Further research into PML at the molecular and isoform-specific level 

may identify pathways and mechanisms by which immune response genes may be 

controlled by the PML proteins. Such findings could be of substantial clinical 

relevance in cases of autoimmune disease, viral infection and some cancers, where an 

ability to externally regulate certain immune genes could be therapeutically beneficial. 

 

 

1.1 The Promyelocytic Leukaemia (PML) Protein  

 

The PML gene was originally discovered in cases of acute promyelocytic leukaemia 

(APL) which are characterised by the presence of the PML-retinoic acid receptor α 

(RARα) oncogene1. This fusion gene is caused by a t(15;17) chromosomal 

translocation resulting in a portion of the PML gene being positioned next to a section 

of the retinoic acid receptor α (RARα) forming the PML-RARα oncogene2.  

 

Subsequent research elucidated the structure of PML and identified nine exons within 

the human PML gene giving rise to seven isoforms of the PML protein I – VII3 (Figure 

1.1), which range from 48 – 97 kDa in size. All isoforms share a common N-terminal 

domain containing a RING finger domain, two B-boxes and a coiled-coil domain 
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(RBCC), however, the C-terminus of each isoform differ due to differential RNA 

splicing. This varied C-terminal region causes a variety of isoform specific functions4. 

For example, PMLI has been shown to stimulate myeloid cell differentiation5 and 

PMLII has been implicated in viral defence in particular with adenovirus infections6. 

An isoform specific role for PMLIII in regulation of centrosome duplication has been 

identified7, while PMLIV has been connected to p538 and regulation of apoptosis, 

DNA damage and senescence9 10. PMLV has been highlighted as the important isoform 

for nuclear structures known as PML nuclear bodies (PML-NBs) and for recruiting 

proteins to these structures11 12. PMLVI has a specific resistance to degradation by 

arsenic trioxide due to this isoform not incorporating exon 7a and therefore lacking the 

SIM site for interactions13, while PMLVII has been shown to activate TGFβ 

signalling14. 

 

 
 

Figure 1.1: Exon assembly and structural domains of the PML isoforms. All PML 
isoforms share the N-terminal region containing the RBCC motif. The seven different C-
termini are generated by alternative usage of 3' exons, resulting in PML isoforms of varying 
sizes. Total length of each isoform is given on the right. *Retained intron. Similar colours infer 
different amino acid sequences arising from the same exons. Adapted from Jensen, K., Shiels. 
C and Freemont, P.S (2001). "PML protein isoforms and the RBCC/TRIM motif." Oncogene 
20(49): 7223-723315. 
 

 

A nuclear localisation sequence (NLS) is present in many of the PML isoforms, 

targeting them to the nucleus although there are some isoforms which are also found 

in the cytoplasm, such as PMLI which also contains a nuclear export domain and 
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PMLVII which lacks the NLS16. There are also three major characterised small 

ubiquitin-like modifier (SUMO) sites present within the PML proteins; this 

modification enables the formation of PML nuclear bodies (PML-NBs) as well as 

interactions between PML and a variety of other proteins17 18 19.  

 

PML-NBs are spherical structures 0.1 – 1.0 µm in diameter occurring in the nucleus20. 

PML is a key component required for the assembly and function of PML-NBs with 

isoforms such as PMLII, PMLIV and PMLV often found within them21. PMLV is 

thought to be the main scaffold of the NBs and displays hyper-stable binding to PML-

NBs via homo-dimerisation occurring between the RBCC domains of the proteins12. 

The presence of PML isoforms within these PML-NBs enables the recruitment of an 

increasing number of proteins to these nuclear structures, often via SUMO-SIM 

interactions22, enabling a complex level of regulation of a variety of different proteins 

and their subsequent functions. Proteins can be sequestered by the PML-NB in an 

inhibitory manner such as the histone chaperone protein DAXX which is held in the 

NB, via a SUMO-SIM interaction, away from the chromatin preventing histone 

deposition21 23. Alternatively, PML-NBs can be a docking platform at which two 

proteins are brought into closer proximity promoting an interaction to occur, for 

example, the protein phosphatase 2a (PP2a) enzyme and Akt are both recruited to 

PML-NBs which enables dephosphorylation of Akt to inhibit its kinase activity24. 

Although some proteins such as SP100 and SUMO-family proteins are constitutively 

present within PML-NBs22, many proteins found within these structures can vary 

between different PML-NBs and this protein composition changes dynamically 

depending on the interactions occurring at any one time. These interactions can change 

as a result of signalling induced by many biological processes such as different stages 

within the cell cycle, infection by pathogens or DNA damage25-27. These dynamic 

structures have therefore been connected with a range of regulatory functions from 

transcription and cell cycle control to intracellular signalling and differentiation. 

 

Due to the presence of seven different splice variants of the PML protein and the 

dynamic nature of PML-NBs present within human cells, PML proteins are 

responsible for eliciting a wide range of different biological functions4. Alterations in 

PML signalling or disruption of PML-NBs can result in loss of these regulatory 

controls leading to pathologies as seen in viral infection and cases of APL2. 
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1.2 Innate Immune System 

 

There are two major parts of the immune system in humans, the innate immune system 

and the adaptive immune system. Innate immune responses are not specific to any 

particular pathogen but instead recognise pathogen-associated molecular patterns 

(PAMPs) enabling early detection of a pathogen and response to it, with subsequent 

activation of the adaptive immune system28. PAMPs include common features of 

pathogens that are not found in the host, such as bacterial cell wall components or 

double-stranded RNA, or aberrant localisation of molecules such as cytosolic DNA, 

or abnormal molecular complexes such as self-DNA-autoantibody complexes.  

  

 

1.2.1 Pattern Recognition Receptors 

 

PAMPs bind to pattern recognition receptors (PRR) which are primarily expressed by 

antigen-presenting cells such as macrophages and dendritic cells, but may also be 

found in other cell types29. PRRs include toll-like receptors (TLRs), nucleotide-

binding oligomerisation domain-like receptors (NLRs), C-type lectin receptors 

(CLRs), RIG-I-like receptors (RLRs), AIM2-like receptors (ALRs) and intracellular 

DNA sensors such as cGAS30. Signalling from PRRs leads to the production of 

inflammatory cytokines and type I interferons, which in turn direct changes in cells 

via their respective receptors. 

 

 

Toll-Like Receptors 

 

The first class of PRR identified was the TLRs. All TLRs can mediate production of 

inflammatory cytokines, however only TLR3, 4, 7, 8 and 9 result in production of type 

I interferons (IFNs) which are a crucial part of the immune response during viral 

infection. Many of the TLRs are responsible for detection of nucleic acids; these 

include TLR3, TLR7, TLR8 and TLR931. TLR3 binds viral double-stranded RNA, but 

is also able to respond to synthetic analogues of dsRNA such as polyIC32. TLR7 and 

8 recognise single-stranded RNA while TLR9 detects single-stranded DNA with 

unmethylated CpG motifs33. Localisation of these receptors is important to prevent 
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activation of the TLR by host nucleic acids released by dying host cells. Consequently, 

these TLRs are often expressed intracellularly within endosomal compartments31. If 

expressed at the cell surface, these TLRs require internalisation and an additional 

cleavage step, performed by an endosome-resident protease, to enable the TLR to 

become a functional receptor and trigger downstream signalling cascades34. This 

regulation avoids excessive stimulation of the TLRs and autoimmune pathologies 

occurring.  

 

Each TLR recruits different signalling proteins and adaptors including myeloid 

differentiation factor 88 (MyD88), TIRAP, TRIF and TRAM31 (Figure 1.2). MyD88 

is a common adaptor recruited to all TLRs except TLR3, and results in the activation 

of the transcription factor nuclear factor kappa B (NFκB) and the mitogen-activated 

protein kinase MAPK) cascade. TIRAP binds to PI(4,5)P2 within membranes and is 

important in activating cell surface TLRs such as TLR4, although recent studies have 

shown TIRAP is also present in the membranes of endosomes and is important for 

recruiting MyD88 and the formation of signalling complexes for TLR9 too35. TRIF is 

recruited to TLR3 and TLR4 leading to activation of interferon regulatory factor (IRF) 

3, NFκB and MAPK which subsequently induces signalling cascades36. These 

downstream pathways initiate the synthesis and secretion of type I IFN, cytokines and 

chemokines which then act through their own receptors, culminating in the activation 

of gene expression and synthesis of molecules required to create a pro-inflammatory 

environment which is antimicrobial. These are essential processes to create an 

immediate host defence response but they also activate the adaptive immune system 

which is necessary for the removal of the infecting pathogen. 
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Figure 1.2: The TLR signalling pathway and downstream effector molecules. This shows 
the localised expression of the different TLRs with the relevant proteins and downstream 
mediators used in their signalling pathways31. Blue and pale-yellow shapes represent upstream 
pattern recognition receptor signalling pathways. Orange shapes are involved in NFκB 

activation. Bright yellow shapes are involved in the IRF activation pathway.  
 

 

RIG-I-Like Receptors 

 

This family of PRR contains RIG-I and MDA5 which are both cytoplasmic receptors 

which detect viral RNA and initiate an intracellular signalling response37 (Figure 1.3). 

The structure of these PRRs comprises of an RNA helicase protein with two caspase 

activation and recruitment domain (CARD) modules at the N-terminus and a DExD/H-

box RNA helicase domain at the C-terminus38. This helicase domain enables both 

RIG-I and MDA5 to bind the viral RNA while the CARD modules play an important 

role in initiating the downstream signalling to adaptor proteins such as the 

mitochondrial antiviral-signalling protein (MAVS)39 (also known as VISA, IPS-1 and 

Cardif). MAVS is a protein found within the mitochondrial outer membrane and is 

associated with other adaptor proteins including MITA/STING. It has been shown that 
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MITA is able to recruit IRF3 and TBK1 to MAVS-associated complexes upon viral 

infection leading to IRF3 phosphorylation by TBK1, IRF3 dimerisation and 

subsequent translocation into the nucleus. MAVS can also interact with TRAF 

enabling activation of NFκB which, acting together with IRF3, results in the induction 

of type I IFN genes and generation of an antiviral environment36 39. 

 

 

Figure 1.3: Overview of the RIG-I-like Receptor Signalling Pathway. Illustrated is the 
pathways in which viral RNAs are recognised by the cytosolic receptors RIG-I and MDA5, 
and how the recruitment of adaptor and effector proteins culminates in the activation of 
transcription factors IRF3, IRF7 and NFκB40. Individual components are represented 
artistically by different combinations of colours and shapes. Features with similar functions 
are represented in similar colours. 
 

 

1.2.2 Signalling in the Innate Immune Response 

 

Key Transcription Factors in the Innate Immune Response 

 

Important components of the innate immune response signalling cascade are 

transcription factors such as NFκB, IRF3 and IRF7. NFκB is held inactive in the 

cytoplasm in complex with an inhibitor, IκB (Figure 1.3). Signalling from various 

PRRs leads to phosphorylation and degradation of IκB, allowing NFκB to move to the 
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nucleus. NFκB family members control the transcription of cytokines and 

antimicrobial effectors in addition to playing a role in regulating genes involved with 

cell survival, proliferation and differentiation, thus highlighting NFκB as an important 

contributor to numerous aspects of the innate immune response41. IRF3 and IRF7 

become activated by phosphorylation following many downstream signalling 

pathways initiated by PAMP recognition at a PRR29. These proteins then form homo- 

and heterodimers that translocate into the nucleus. The IRF dimers bind to the DNA, 

along with other co-activators, to form a transcriptional complex to activate 

transcription of IFNα and IFNβ, which are subsequently synthesised and secreted out 

of the cell42. Type 1 IFN receptors (IFNAR1, 2) on the cell surface then detect this 

IFN and cause activation of the evolutionarily conserved Janus kinase/signal 

transducers and activators of transcription (JAK/STAT) canonical signalling pathway, 

culminating in the formation of the ISGF3 transcription factor from a phosphorylated 

STAT dimer associated with IRF943. The ISGF3 then translocates to the nucleus, binds 

to IFN stimulated response element (ISRE) motifs within the DNA, and activates 

transcription of IFN-stimulated genes (ISGs) (Figure 1.4). This leads to further 

expression of IRF7 (an ISG) to cause a positive amplification loop, but also drives 

transcription of ISGs such as the IFIT1 family of genes, whose products contribute 

directly to the antiviral state. 
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Figure 1.4: Canonical JAK/STAT signalling pathway stimulated by IFN. The signalling 
pathways downstream of IFN receptor activation, culminating in gene activation producing an 
antiviral state that prevents cell proliferation43. Individual components are represented by 
different combinations of colours and shapes for artistic purposes only. 
 

 

1.2.3 Interferons (IFNs) 

 

Different Types of IFN 

 

Interferons are a large family of inflammatory protein cytokines first discovered in 

1957 due to their antiviral function44. There are now many different known IFNs 

divided into three subtypes. Type I IFNs include IFNα and IFNβ, along with other 

structurally similar proteins such as IFN -ω, -τ, -δ and -κ45. The type II IFNs are only 

IFNγ46 while type III IFNs are IFNλ1 (IL29), IFNλ2 (IL28A), and IFNλ3 (IL28B)47. 

 

Type I IFNs are secreted by a wide range of cells upon infection and have the ability 

to induce antimicrobial states, modulate the innate immune response through 

promoting antigen presentation, but also play a vital role in activation of the adaptive 



Chapter 1: Introduction 

 11 

immune response45. The most researched type I IFNs are IFNα and IFNβ, which were 

the first IFNs identified. IFNα in humans is encoded by 14 distinct genes encoding 

various isoforms, whereas IFNβ is encoded by the IFNB gene alone48. Transcription 

of these genes can be induced upon binding of PAMPs to PRRs and by cytokines. The 

action of IFNα/β induces an antiviral response from the host cells which includes 

functions such as impairing virus replication, inhibition of protein synthesis and 

promotion of RNA cleaving49. IFNα/β can also lead to selective apoptosis of infected 

cells, through increased p53 activation, preventing further spread of the virus50. These 

activities constitute the initial line of defence within the innate immune system in 

response to a viral infection, with the importance of this protected role highlighted by 

a significantly increased mortality seen in mice which lack type I IFN receptors upon 

viral infection51. Further results highlighting the importance of an efficient IFN 

response have recently been shown in preliminary studies on COVID-1952. This 

research found that some male patients who had severe COVID-19 symptoms, also 

had a rare putative loss-of-function variant of X-chromosomal TLR7 gene. This type 

of mutation is associated with impaired type I and II IFN responses and could explain 

why these individuals were unable to mount a sufficient antiviral response to the 

COVID-19 infection52.   

 

 

Type I IFN Controls the Innate and Adaptive Immune System  

 

Activation of the adaptive immune response is also a function carried out by IFNα/β 

acting upon many different cells (Figure 1.5). Cells of the innate immune system such 

as dendritic cells and macrophages produce type I IFNs upon detection of a PAMP by 

their PRRs. Plasmacytoid dendritic cells are a particularly prolific secreter of IFNα 

while macrophages and other dendritic cells release both IFNα/β. In addition to this, 

some non-immune cells, including epithelial cells and fibroblasts, have been shown to 

secrete predominantly IFNβ which is important for establishing an antiviral 

environment at the site of infection. This increase in type I IFN also results in increased 

antigen presentation by dendritic cells, as well as activation of natural killer (NK) 

cells53 and induced maturation of dendritic cells54. Cells of the adaptive immune 

system are also impacted with amplification of the effector functions of T-cells and 
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increased antibody production from B-cells occurring as a result of the increased type 

I IFNs55.  

 

Type I IFNs also play an important role in regulation of the immune response by 

conferring negative feedback to prevent prolonged activation of the immune system. 

There are many layers of regulation within the immune system occurring at signalling, 

transcriptional and translational levels, to ensure a measured response to pathogens. 

For example, IFNα/β have been shown to induce genes such as suppressor of cytokine 

signalling (SOCS)56 and ubiquitin specific peptidase 18 (USP18)57 which 

downregulate IFN signalling by competing with STAT for the binding site on IFNAR 

and displacing JAK1 from IFNAR2 respectively. This results in a suppression of the 

JAK/STAT signalling pathway and limits the IFN response.  

 

The regulatory functions conducted by these type I IFNs are highlighted in 

autoimmune pathologies such as systemic lupus erythematosus (SLE). In SLE the 

balance between activation and attenuation of the immune response by IFNα is lost, 

and excessive type I IFN signalling occurs in response to self-antigens58. Due to 

activation of the immune system by host molecules, such as self-nucleic acids instead 

of pathogenic material, it results in disproportionate activation of ISGs and a range of 

clinical manifestations from a skin rash to severe diseases of the kidneys and central 

nervous system59.   

 

Overall, type I IFNs are important for generating a balanced response to virus infection 

which activates pathways to establish an antiviral state, induces selective apoptosis 

and initiates an adaptive immune response, but also elicits suppressive signals to 

regulate the system and prevents chronic damaging signalling from occurring. 
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Figure 1.5: Signalling pathways for Type I IFN within the innate and adaptive immune 

response. Once pathogens are detected by PRRs, cells produce type I IFNs. This leads to the 
formation of an antiviral state and induction of ISGs. There is also activation of the adaptive 
immune response as a result of antigen presentation culminating in virus-specific antibody 
production55.   
 

 

1.2.4 The IFIT1 Gene Family 

 

There are four members to the IFIT1 gene family: ISG56/IFIT1, ISG54/IFIT2, 

ISG60/IFIT3 and ISG58/IFIT5, which have evolutionarily conserved homologues 

from mammals to amphibians60. These genes are located on chromosome 10q23.3 in 

humans and were some of the first ISGs discovered and cloned61 62. These genes are 

normally silent or expressed at very low constitutive levels within cells, but are highly 

responsive to IFN, with IFNα/β eliciting the greatest transcriptional induction while 

IFNγ is a weaker inducer63. The promoter regions for most of these genes contain two 

ISRE DNA motifs located upstream of the TATA box, with only ISG58 the exception 

to this60. It is the ISRE motif that is bound by the ISGF3 and IRF regulatory factors 
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which are activated rapidly by various pathogenic stimuli resulting in quick 

transcriptional activation of ISG mRNA production upon infection64. 

 

The two main IFIT1 genes family members relevant to this research are ISG54 and 

ISG56. These two genes share a similar sequence and, therefore unsurprisingly, they 

have similar functions with both capable of responding in a fast manner to IFN and 

also able to inhibit the induction of IRF3, NFκB and the IFNβ promoter60. This 

inhibition is brought about by the ISG54 and ISG56 proteins disrupting interactions 

between adaptor proteins such as STING with MAVS and TBK1, thus preventing the 

phosphorylation required for the activation of IRF3 and NFκB65. This regulatory role 

of ISG54 and ISG56 acts as a negative feedback loop to control the activation of innate 

immune response genes. These ISG proteins have also been shown to inhibit the 

function of eIF3, resulting in inhibition of translation initiation during a viral infection, 

thus making a positive contribution to the antiviral state. 

 

One important difference apparent between ISG54 and ISG56 is the kinetic profiles of 

their activity. It was found that although both ISGs were induced rapidly upon IFN 

stimulation, shown by an increase in mRNA levels, the rate at which these mRNA 

levels subsequently decreased varied. ISG54 transcript was shorter lived, decreasing 

over time, while ISG56 mRNA conversely was maintained at a higher level for longer 

than 24 h60. 

 

As ISG54 and ISG56 expression is so readily activated by IFN, both by the ISGF3 

complex at the end of JAK/STAT signalling, but also directly by viral infections, 

expression of these ISGs is a useful output to indirectly measure the activation of an 

antiviral response. 

 

 

1.3 The Role of PML in the Immune Response 

 

Among their involvement in numerous cellular processes and regulatory functions, 

PML and PML-NBs have been identified as important components in the cellular 

defence in response to a number of viral infections, within both the innate and intrinsic 

immune responses. Intrinsic immunity has evolved in complex organisms and consists 
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of an array of genes that are constitutively expressed to suppress specific viral 

infections. Unlike the innate and adaptive immune system, the intrinsic immune 

system does not work in a responsive manner. This enables a faster response to be 

mounted against a virus66. Once a replicating virus is detected, the intrinsic restrictive 

factors commence antiviral processes to prevent further proliferation of the virus. 

 

PML is an example of an intrinsic restrictive factor and is constitutively expressed to 

enable a fast response to a viral infection as part of intrinsic immunity. PML-NBs are 

able to interact with viral genomes and elicit epigenetic silencing of the viral genome 

or physical entrapment preventing further replication67 (Figure 1.6). PML has also 

been show to act as a cellular mediator of antiviral activity by raising the minimal viral 

dose required for an infection, but also slows propagation of the virus culminating in 

a reduced immune response at the site of infection68. 

 

PML is also a component within the innate immune response, with its own expression 

upregulated by increased type I IFN signalling. Moreover, it has been shown that upon 

PML depletion, there is an impairment of IFN signalling and a reduced ability of the 

innate immune response to remove viral pathogens, thus emphasising the positive 

involvement of PML in both the induction and delivery of the response69. 

 

As a result of the involvement of PML in the immune response and its antiviral 

capabilities, many viruses have acquired functions that target the PML protein to 

inhibit its functions and therefore promote viral replication (Figure 1.6). This was first 

seen in 1994 when infection with herpes simplex virus type 1 (HSV1) resulted in the 

disappearance of PML-NBs70. Subsequently, many viruses have been shown to impair 

PML in many ways to reduce its stability, impact its localisation and reduce its 

efficiency in responding to viral infections. For example, adenovirus type 5 disrupts 

PML-NBs71, while other viruses such as the human cytomegalovirus, promote the de-

sumoylation of PML to reduce PML stability and prevent interactions from occurring 

between PML and other proteins72. 
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Figure 1.6: The role of PML-NBs in intrinsic and innate immune defence mechanisms 

and their antagonization by viral effector proteins67. PML-NBs contain many proteins 
including PML, Sp100, DAXX, and ATRX. These proteins can be modified by SUMO (S) 
and can form small individual foci the nucleus (shown in the immunofluorescence image of 
primary human fibroblast cells stained for PML). PML-NBs are involved in the intrinsic 
immune system and repress viral replication through epigenetic silencing of the viral genome 
or by a physical entrapment of the virus. There is a role for PML-NBs in coactivation of 
cellular genes required for antiviral functions including cytokines, ISGs and IFNβ. Due to 

these antiviral functions of PML, viruses have developed antagonistic processes to 

impair PML-NBs by targeting numerous components within its structure. DAPI, 4′,6′-
diamidino-2-phenylindole; EBV, Epstein-Barr virus; KSHV, Kaposi sarcoma-associated 
herpesvirus; MHV68, murine gammaherpesvirus 68; HCMV, human cytomegalovirus; HSV-
1, herpes simplex virus type 1; HVS, herpesvirus saimiri; IFN, interferon; ISG, interferon-
stimulated gene; S, SUMO, small ubiquitin-like modifier. 
 

 

The isoform PMLII is of particular significance with respect to PML’s role in the 

immune system. PMLII is one isoform present within the PML-NBs but has also been 

implicated in many interactions with components of the signalling pathways 

associated with type I and type II IFN. Furthermore, PMLII was specifically identified 

as a positive regulator of IFN signalling through regulation of the JAK/STAT 

signalling pathway. This results in enhanced IFNβ expression and efficient ISG 

transcription73. PMLII is known to interact with transcription factor complexes 

enabling this regulation of gene expression at ISGs73. It has been shown that PMLII is 
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required for the efficient induction of transcription for IFNβ and many ISGs, with an 

important involvement in transcriptional complex assembly at gene promoter 

regions73. Studies have shown that PMLII can associate with transcription factors such 

as NFκB and STAT1 as well as co-activator proteins such as CBP. The same research 

identified a significant reduction in binding of these factors and IRF3 at IFNβ and ISG 

promoters when PMLII was removed73. These findings elucidated an isoform-specific 

function for PMLII in type I IFN responses within the immune system. 

 

 

1.4 Nucleosome Structure and Histone Post-translational Modifications 

 

Chromatin is a double-stranded helical structure of DNA complexed with protein. 

Negatively charged DNA is tightly wrapped around large, positively charged proteins 

called histones. Histones facilitate supercoiling of DNA and enable the packaging of 

approximately two metres of DNA into the nucleus of each human cell. There are four 

main subtypes of core histones, H2A, H2B, H3 and H4, with two copies of each 

subtype incorporated into an octamer within a nucleosome core. These nucleosomes 

are connected by a region of DNA associated with the linker histone H1. Each core 

histone also has a long “tail” which extends from the nucleosome core and can be post-

translationally modified by numerous proteins classified as either covalent histone-

modifying complexes or ATP-dependent chromatin remodelling complexes.  

 

 

Covalent Histone Modifications 

 

Covalent modifications to histone tails includes methylation, acetylation, 

phosphorylation and ubiquitination, with the combination of these markers creating a 

“histone code” which extends the information potential of the genome and functions 

to regulate genes with epigenetic changes74. There are specific enzymes that function 

to “write” the code for example, histone methyltransferases and histone acetyl 

transferases (HAT). Conversely, there is also a group of proteins responsible for 

“erasing” the histone markers such as histone demethylases and histone deacetylases 

(HDAC). Furthermore, one final class of proteins which hold an important function in 

the theory of the “histone code” are those which “read” the histone markers and are 
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recruited to the chromatin through binding to specific domains within the chromatin. 

This binding induces functions such as DNA replication, damage repair or 

transcription74. 

 

Different histone modifications have been found to promote a transcriptionally active 

state in which the chromatin structure is more open, known as euchromatin, whereas 

other histone modifications are more representative of a transcriptionally inactive state 

where the chromatin remains closed and inaccessible to other proteins, known as 

heterochromatin. These modifications have been found on specific residues with many 

occurring at lysine amino acids. Covalent additions to lysine residues within the 

histone tails of H2B, H3 and H4 have been identified with mono- di and tri-

methylation (me1, me2, me3) arising in addition to acetylation (ac). 

 

Covalent modification to lysine residues associated with accessible euchromatin and 

regions with more active transcription occurring include H3K4me1, H3K4me3, 

H3K9me1, H3K9ac, H3K14ac, H3K27me1, H3K79me1, H3K79me2, H3K79me3, 

H4K20me1 and H2BK5me175. Within this thesis, H3K4me3 is the primary 

modification used as a marker of transcriptional activity and is one of the most studied 

histone modifications. H3K4me3 is found commonly to increase at the transcription 

start site (TSS) of many activated genes undergoing transcription and assists in the 

recruitment of proteins such as TFIID which initiates transcription76, and chromatin 

remodelling proteins such as chromo-ATPase/helicase-DNA-binding protein 1 

(CHD1)77 and bromodomain and PHD domain transcription factor (BPTF)78 which act 

to promote an open chromatin structure.  

 

Covalent modifications to lysine residues found to occur on closed heterochromatin, 

and therefore are markers of transcriptionally inactive chromatin, include H3K9me2, 

H3K9me3, H3K27me2, H3K27me3, H3K79me3 and H2BK5me375. Within this 

thesis, H3K9me3 and H3K27me3 are the two modifications assessed as a measure of 

transcriptional repression. H3K9me3 is known to regulate a range of functions 

including apoptosis79, autophagy80 and DNA repair81. H3K9me3 is also important for 

the recruitment of heterochromatin protein 1 (HP1) to heterochromatin, leading to 

further H3K9me3 deposition by the methyltransferase SUV39H1 and the maintenance 

of heterochromatin82. SETDB1 is another methyltransferase which has previously 
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been shown to be responsible for the addition of the final methyl group onto H3K9me2 

creating H3K9me3 markers83. Furthermore, the importance of this histone marker can 

be highlighted by its role in pathologies. For example, H3K9me3 was observed in 

cases of haematological cancers where this histone marker was shown to be 

responsible for aberrant signalling in cases of acute myeloid leukaemia (AML) leading 

to inactivation of tumour suppressor genes84 85. 

 

H3K27me3 is strongly associated with the inactivation of chromatin. Unlike other 

histone markers, H3K27me3 is only synthesised by one known methyltransferase, 

EZH2, which is part of the polycomb repressive complex 2 (PRC2)86. It has been 

shown that H3K27me3 works in opposition to H3K4me3 as this activation marker 

allosterically inhibits the histone methyltransferase activity of PRC2, preventing it 

from methylating H3K27 and impairing the repression of transcription leading to 

transcriptional activation87. Assessing the balance between the presence of H3K4me3 

verses H3K27me3 may therefore provide an indication as to the level of transcriptional 

activity at genes of interest. 

 

The function of the intricate network of histones and posttranslational histone 

modifications in transcription is however even more complex than first thought. For 

example, it has been argued that the presence of certain histone markers could be a 

result of transcription occurring rather than the histones modifications being 

responsible for the initiation of transcription. Despite histone markers being known to 

recruit various proteins involved in transcription, a genome-wide study revealed that 

upon removal of most H3K4me3, in both steady-state and dynamically changing 

conditions, there was little difference in the transcriptional activity. This result 

suggests that, in some cases, the presence of H3K4me3 in chromatin maybe as a result 

of transcription rather than driving the transcription88. Furthermore, although in the 

majority of cases, the presence of H3K4me3 is indicative of active transcription, in a 

small subset of genes it has been shown that H3K4me3 can be associated with both 

activation and repression of transcription88. This indicates that it may not be the 

presence of histone markers alone that dictates the level of transcriptional activity, but 

that the proteins recruited by these markers and the length of time each marker is 

present for could also be important88. 
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ATP-dependent chromatin remodelling 

 

ATP-dependent chromatin remodelling complexes utilise the energy from ATP 

hydrolysis to restructure nucleosomes to alter the accessibility of the chromatin. With 

each nucleosome comprising of 146 base pairs of DNA wrapped up in ~1.7 turns 

around the histone octamer, the associated DNA is less accessible. To enable proteins 

to interact with the DNA, for example during transcription, DNA repair or replication, 

the chromatin must first be restructured, a task completed by these ATP-dependent 

chromatin remodelling proteins. 

 

All ATP-dependent chromatin remodelling proteins can bring about positive and 

negative regulatory effects to transcriptional activity. Consequently, the presence of 

any one chromatin remodelling complex is not sufficient to conclude the level of 

transcription occurring or the direction in which the activity will change.  

 

There are four main families of highly conserved chromatin remodelling complexes, 

SWI/SNF, ISWI, NuRD/Mi-2/CHD and INO80. Most ATP-dependent chromatin 

remodelling factors comprise multiple subunits with all containing an ATPase domain 

to generate the energy required to remodel the chromatin, but each group having its 

own biological function. Similar to the covalent modifications, these ATP-dependent 

chromatin remodelling complexes can cause both activation and repression of 

transcription.  

 

SWI/SNF remodelling complexes mainly function to disorganise nucleosomes and 

make the chromatin more accessible increasing transcription factor binding and 

activation of genes89. It has also been documented that SWI/SNF complexes, under 

some conditions, can also lead to suppression of transcription by promoting the 

binding of repressor proteins to genes90. ISWI complexes are more associated with 

reduced transcriptional activity as they primarily function to make chromatin less 

accessible through reorganisation of nucleosomes. However, these chromatin 

remodellers can also mediate transcriptional activation and elongation91. NuRD/Mi-

2/CHD remodelling complexes are found to also induce transcriptional repression 

within the nucleus92, although they can cause activation of rRNA transcription within 
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the nucleolus93. INO80, as with the other remodelling complexes, also function to both 

promote and suppress transcription of genes92. 

 

These protein complexes, along with the covalent modifications, bring about changes 

to the histones that alter the interactions between chromatin and the histones, resulting 

in opening or closing of chromatin regions. This, combined with the incorporation of 

different histone subtypes within the octamer, enables histones to dynamically regulate 

accessibility of chromatin and the genes within the DNA and therefore provides a 

mechanism by which functions such as DNA replication and transcription can be 

controlled. 

 

 

1.5 Histone Subtypes Variants 

 

Many of the core histone subtypes found within the nucleosome are encoded by more 

than one gene variant. Changing the variant composition in a nucleosome alters the 

way in which chromatin interacts with the histones and impacts chromatin 

accessibility. Most histones are synthesised and deposited during S phase of the cell 

cycle, as the duplication of DNA doubles the number of nucleosomes required. 

However, these canonical histones can be replaced, independently of replication, by 

other histone subtypes94. This exchange of histones gives rise to changes in the 

chromatin structure and function, but also provides another layer of control to regulate 

processes such as transcription and DNA repair.  

 

There are numerous histone variants for all core histones with the exception of H4 

which does not have any different subtypes. The exact number of known histone 

variants is still increasing with more subtypes continuing to be elucidated95. The 

differences between each histone subtype can be as small as 4 amino acid residues as 

seen between canonical H3.1 and variant H3.3, but also ranges to as much as 50% 

when comparing H3.1 to the centromeric-specific H3 variant CENP-A94. The presence 

of different histone variants generates different histone-DNA and histone-histone 

interactions therefore substitution of one variant for another can cause changes to the 

chromatin. For example, incorporation of the H2A variant H2.AZ, leads to chromatin 

fibres compacting more readily than regions which contain canonical H2A histone96.  
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The histone variant H3.3 is assessed in this study as it is the main variant of H3 after 

the canonical H3.1 histone. H3.3 can be incorporated into the chromatin outside of 

centromeres and independently of replication, unlike H3.197. H3.3 is also 

constitutively expressed dissimilar to H3.1, which is only synthesised during S-phase 

of the cell cycle97. It has been found that H3.1 is often enriched in regions of 

transcriptional repression whereas H3.3 deposition occurs at activated genes 

undergoing transcription in a dynamic manner, that may infer some epigenetic 

functions98. Although they are very similar in primary sequence, it is thought that the 

array of possible covalent modifications is different between the two H3 subtypes and 

that these give rise to changes in the proteins recruited and subsequent functionality of 

the chromatin when H3.1 is swapped for H3.394. 

 

The complexity of chromatin structure and regulation extends to the H3.3 histone 

subtype too, as it has also been shown that the H3.3 histone can be deposited in 

heterochromatin, therefore bringing into question the status of H3.3 as a marker of 

active gene transcription99. It has been found that H3.3 is loaded into heterochromatic 

regions including telomeres and pericentric heterochromatin100. Consequently, this 

area of histone subtype switching needs to be further investigated and the subtypes 

present in the chromatin may not be enough in isolation to determine the 

transcriptional activity of a gene. 

 

 

1.6 Histone Chaperone Proteins 

 

Early research indicated that during DNA replication, nucleosomes are assembled in 

stages with the H3 and H4 tetramer deposited first followed rapidly by the addition of 

H2A-H2B dimers101. Histone chaperone proteins are a family of proteins which have 

been found to bind histones and regulate this formation of nucleosomes in both a 

replication-coupled and replication-independent fashion102. These proteins are able to 

interfere with the strong interactions between DNA and the histone proteins and to 

alter the composition of histones present in the nucleosome.  
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There are a large number for histone chaperone proteins. These can be classified by 

the histone dimers with which they preferentially associate; either H3-H4 or H2A-H2B 

chaperones103. However, some histone chaperone proteins are capable of binding both 

dimers, such as FACT (facilitates chromatin transcription)104. There are also some 

histone variant-specific chaperone proteins that are responsible for the movement of 

only one subtype of histone protein. For example, DAXX (death domain-associate 

protein) and HIRA (histone cell cycle regulation defective homologue A) have been 

shown to only interact with H3.3-H4 dimers to deposit H3.3 into telomeric 

heterochromatin105 and genic regions106, altering the nucleosome structure 

independently of DNA replication. 

 

Histone chaperone proteins have many different functions within the cell. Some 

chaperones are important in helping transport histones into the nucleus following 

synthesis107, while other chaperones actively hold histones in a soluble form as a 

reserve or reservoir to ensure a fast supply of histones can be obtained, for example 

upon DNA damage108. There has also been evidence to show that histone chaperone 

proteins are capable of interacting with histone modifying enzymes, catalysing these 

modifications to occur by co-localising the enzyme to the histones109. The most 

prominent function conducted by histone chaperone proteins with regards to this study, 

is their role in depositing histones into nucleosomes110, a process which is tightly 

regulated and if disrupted by mutations, can be connected to cancer and other human 

pathologies. 

 

The histone chaperone protein DAXX was originally identified associated with the Fas 

receptor and it was thought to induce apoptosis via the JNK pathway111. However, 

subsequent research identified its ability to specifically bind H3.3-H4 histone 

dimers112. Deposition of H3.3 into nucleosomes is associated with regions of open, 

more accessible sections of euchromatin, therefore DAXX has been implicated in 

regulating transcription. In addition to this, it has also been illustrated that DAXX can 

interact with numerous transcription factors and histone deacetylase enzymes, further 

highlighting its role in controlling transcription113. 

 

DAXX has been found to interact with PML in PML-NBs too, representing another 

layer of regulation to histone deposition and transcription. This H3.3-H4 specific 
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chaperone protein is known to bind to PML-NBs at SUMOylated sites on PML114. 

PML opposes the deposition of the H3.3 histone variant by DAXX in heterochromatic 

PML-associated domains (PADs) by sequestering DAXX within the PML-NB and 

away from the chromatin115. This antagonism was shown by Delbarre et al. in 2017 as 

loss of PML altered the chromatin composition within the PADs, both by shifting the 

histone modifications more towards repressive H3K27me3 markers but also by 

increasing the deposition of H3.3 by DAXX 115.  

 

 

1.7 Chromatin Changes Occurring at the Immune Response Genes 

 

1.7.1 The IFNb gene  

 

The IFNb gene promoter is one which has been well characterised and roles during 

transcriptional induction and chromatin regulation of gene expression have been 

found. There are two nucleosomes within the promoter region, labelled +1 and -1, 

separated by a nucleosome-free enhancer region116. The +1 nucleosome is positioned 

over the TATA box to regulate transcription and impedes access to the TSS. Within 

the nucleosome-free region, there are four positive regulatory domains (PRDs), PRDI 

– PRDIV. These PRDs are the sites for interaction with various proteins that regulate 

transcription, for example, PRDI and III bind IRF1, 3 and 7, while PRDII has been 

shown to interact with NFκB117 and PRDIV found to associate with ATF2/c-Jun 

dimers118 (Figure 1.7). 

 

In uninfected cells, the IFNb gene is constitutively repressed through deacetylation of 

the histones119, keeping the gene silent throughout the cell cycle of differentiated 

cells120. Through ChIP assays it has been shown that in vivo there is a direct correlation 

between the level of acetylation at histone H4 and the transcriptional activity of the 

IFNb promoter region119. This study conducted by Shestakova et al. revealed that 

while repressed, the IFNb promoter region was hypoacetylated leading to silencing of 

the IFNb genes. Upon inhibition of the histone deacetylase with trichostatin A, there 

was hyperacetylation of histone H4 at the IFNb promoter, leading to increased IFN 

levels that conferred the antiviral state in the fibroblast L929 cells used. 
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Upon recognition of specific extracellular signals, such as RNA from a viral infection 

detected by TLRs and RLRs leading to IRFs and NFκB activation and translocation, 

the IFNb gene is transiently activated121. IRF3 homodimers, NFκB and ATF2/cJun 

bind to the PRDs within the nucleosome-free region to construct the enhanceosome. 

This enhanceosome then dynamically recruits HDACs and other histone modifying 

enzymes and remodelling complexes such as the SWI/SNF complex, which 

culminates in the removal of the nucleosome at +1, to reveal the TTS and enables 

assembly of the Pol II initiation complex to promote transcription116. Histone 

modifications such as acetylated H3K9 have also been identified in augmenting the 

enhanceosome ability to recruit components of the Pol II initiation complex such as 

TFIID (transcription factor II D)122.  

 

 

Figure 1.7: The steady-state and activated state of the IFNb gene. The cell under steady-
state conditions (left) and virus-infected conditions (right) are shown illustrating the changes 
that occur at the IFNb gene and promoter region upon virus infection64. Individual components 
are represented by different combinations of colours and shapes for artistic purposes only. 
 

 

With histone modifications and histone modifying enzymes all involved in the 

successful removal of nucleosome +1 and activation of transcription of the IFNb gene, 

this shows how tightly regulated IFNb expression is, and demonstrates the 

interconnection between histone markers and chromatin structure in ensuring this 

transcriptional control. PMLII has also been identified in regulating the transcription 
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of IFNb genes. It has been shown that PMLII is required for the efficient induction of 

IFNb transcription, with an involvement in transcriptional complex formation and 

association with transcription factors including NFκB73.  

 

 

1.7.2 ISGs 

 

Following expression of type I IFNs, including IFNb, there is activation of IFN 

receptors and the JAK/STAT signalling pathway, resulting in the formation of the 

transcription factor ISGF343. Once translocated into the nucleus, ISGF3 binds to ISRE 

motifs within the DNA and activates transcription of numerous ISGs. Unlike the well-

characterised IFNb promoter region, there is much less information about the exact 

interactions between ISGF3 and its target promoter, with different results obtained at 

different ISGs.  

 

It has been shown that IFN induces changes to the chromatin of ISGs with the histone 

subtypes present in the nucleosomes changing when transcription is activated. 

Although the H2A histone was found within ISG gene bodies, it was the H2A.Z 

subtype that was detected in the ISRE-proximal promoter regions instead123. H2A.Z is 

thought to control ISGF3 binding as impairment of H2A.Z using shRNA, culminated 

in a higher occupancy of ISGF3 increasing ISG transcription123. Therefore, upon 

stimulation with IFN, there is a loss of H2A.Z which opens the chromatin to enable 

the binding of ISGF3 and gene activation to form an anti-viral state (Figure 1.8).  

 

The H3.3 histone subtype of H3 has also been connected to ISG transcription124. One 

study showed that in six out of eight ISGs tested, the deposition of this histone variant 

increased upon IFN stimulation and was essential for the transcription of the ISGs124. 

As with other genes, H3.3 has been found to be incorporated into the actively 

transcribed regions of chromatin124. After transcription is finished, the H3.3 histone 

has been found to remain present within the ISG with studies identifying a role for 

transcriptional “memory” or sensitisation of the chromatin to subsequent 

stimulations125. This is thought to enable genes to remain in a primed state ready for a 

faster activation upon a second stimulation. 
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Figure 1.8: The chromatin regulation and activation of the IFNb gene and subsequent 

activation of ISGs. The two-phase antiviral responses to a virus infection resulting in type I 
IFN secretion (left) and subsequent activation of the JAK/STAT pathway (right) culminating 
in activation of ISGs and the associated chromatin changes with activation of these genes 
required for transcription64. 
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1.8 Rationale, Aims and Objectives 

 

Research into PML has revealed a number of different functions connected to this 

diverse protein. The majority of investigations conducted have not however, 

considered isoform specific functions for PML. Investigation into ISGs have 

previously identified structural changes occurring at the chromatin level upon 

activation of the immune response, however, the involvement of specific PML 

isoforms in these changes has also not been studied previously. 

 

This thesis aims to investigate the role and mechanisms of action of PMLII in 

regulating innate immune response gene expression. This problem is addressed at both 

the single gene level, by assessing the IFNb gene and ISG54 through ChIP-qPCR 

experiments, and genome-wide level by utilising ATAC-seq (Assay for Transposase-

Accessible Chromatin using sequencing). The hypothesis for this work is that PMLII 

will have isoform specific functions in regulating activation of genes, including ISGs, 

involved in the response to viral infections by altering interactions with proteins, such 

as transcription factors and those involved with altering the chromatin landscape.  

 

Understanding the function of PMLII in regulating transcription, under basal and 

stimulated conditions, in addition to furthering the scientific knowledge surrounding 

the regulation of IFN and antiviral genes, will not only improve the understanding of 

the immune response to viral pathogens, but may also offer novel targets and 

approaches for the treatment of pathologies attributed to excessive IFN signalling such 

as autoimmunity, arthritis and cancer. There are three aims: 

 

 

To identify PMLII-dependent changes in histone covalent modifications and histone 

subtypes present within nucleosomes at the IFNb and ISG54 promoters that occur 

following stimulation (Chapter 3-4). 

 

Through the use of ChIP-qPCR studies, in both HeLa cells and immortal fibroblast 

cell lines, changes in histone markers H3K4me3, H3K9me3 and H3K27me3 were 

assessed alongside changes in the presence of the H3.3 histone subtype when levels of 

PMLII are altered, either at rest or during innate immune stimulation.  



Chapter 1: Introduction 

 29 

To assess the role of PMLII in changing the global landscape of chromatin openness 

across the whole genome and to identify any particular DNA sequence motifs 

specifically associated with regions affected (Chapter 4 - 5) 

 

By performing ATAC-seq on wildtype and PMLII CRISPR knockout immortal 

fibroblast cell lines, in the presence or absence of IFNα stimulation, this research aims 

to identify which regions of chromatin rely upon PMLII for changes to DNA 

accessibility to occur during innate immune stimulation. Comparison of the 

unstimulated conditions was conducted to elucidate any mechanisms that require 

PMLII at rest prior to any stimulation. Chromatin regions differentially opened in the 

presence/absence of PMLII were used for in silico motif enrichment analysis, to be 

identify any sequences that are characteristic of PMLII responsive chromatin. 

 

 

To investigate the interaction between PMLII and proteins involved in 

transcriptional regulation (Chapter 6) 

 

Through the generation of PMLII mutant proteins and the use of co-

immunoprecipitations (co-IPs), the sites of interactions between PMLII and 

transcription factors and coactivators including CBP, STAT1 and NF!B were further 

investigated. In addition to the investigation of any interaction between PMLII and the 

histone chaperone protein DAXX or the histone methyl transferase SETDB1 was 

carried out. 
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2 Materials and methods 

 

2.1 Materials 

 

This section contains lists of biochemical reagents, cell lines, antibodies, small 

interfering RNAs, primers and plasmids used throughout this research.  

 

Table 2.1: List of reagents and suppliers 

Reagent Supplier 

Agencourt AMPure XP magnetic beads Beckman Coulter 

Agilent High Sensitivity DNA Bioanalyser Kit Agilent 

Ampicillin Sigma Aldrich 

Anti-FLAG M2 Affinity Gel  Sigma Aldrich 

Brilliant III Ultra-Fast SYBR Green qPCR Master 

Mix 

Agilent  

Bromophenol blue Sigma Aldrich 

ChIP Kit – One Step Abcam 

DH5α  Fisher Scientific 

Digitonin Sigma Aldrich 

DMSO Sigma Aldrich 

Dulbecco’s modified Eagle’s medium (DMEM 

1X) 

Gibco 

E-Gel 1Kb DNA ladder Thermofisher  

ECL Advance reagent  GE Healthcare 

Fast Ruler 100bp DNA Ladder New England Biolabs 

Fetal bovine serum (FBS) Sigma Aldrich 

GelRed Biotium 

GoScript Reverse Transcription System Promega 

Hygromycin Merk Chemicals LTD 

Interferon a PBL Assay Science  

Lipofectamine 2000 Invitrogen 

6x loading dye Thermofisher 

MIDORI green DNA dye Bulldog bio 
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MiniElute Reaction Cleanup Kit Qiagen 

NEBNext High-Fidelity 2x PCR Master Mix New England Biolabs 

Nitrocellulose blotting membrane GE Healthcare 

NP40  Sigma Aldrich 

OPTIMEM Gibco 

PolyIC  Sigma Aldrich 

Protein A Sepharose CL-4B beads GE Healthcare 

Proteinase K Sigma Aldrich 

Q5 High-Fidelity DNA Polymerase New England Biolabs 

QIAprep spin Maxiprep Kit QIAGEN 

QIAquick Gel Extraction Kit QIAGEN 

QIAquick PCR Purification Kit QIAGEN 

Qubit dsDNA HS Sensitivity DNA Bioanalyser 

Kit 

Thermofisher 

Random primers Promega 

Restriction enzymes (EcoR1 and Mlu1) Invitrogen 

RQ1 RNase-Free DNase Promega  

siRNA Ambion by Life Technologies 

Spectra protein ladder Sigma Aldrich 

SYBR Green I ThermoFisher 

T4 DNA ligase Fermentas 

Tagment DNA Buffer Illumina 

Tagment DNA Enzyme 1 (TDE1) Illumina 

Tween-20 Sigma Aldrich 
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Table 2.1.2: List of cell lines 

Cell line Description  Source 

BJ5ta TERT-immortalized human 

foreskin fibroblasts  

ATCC (CRL-4001) 

BJ5ta PMLII KO BJ5ta with PMLII removed 

by CRISPR-Cas9 targeted 

gene knockout 

Kindly provided by Robert 

Valentine (University of 

Warwick SLS) 

HEK293 Human embryonic kidney 

cells expressing adenovirus 

type E1A and E1B genes 

Kindly provided by Keith 

Leppard126 (University of 

Warwick SLS) 

HeLa Human cervical cancer cells Kindly provided by Keith 

Leppard (University of 

Warwick SLS) 

 

 

Table 2.1.3: List of antibodies  

Antibody Supplier Catalogue number 

CBP(A-22) Santa Cruz Biotechnology sc-369 

DAXX Santa Cruz Biotechnology sc-7152 

Goat anti-rabbit IgG-HRP Santa Cruz Biotechnology sc-2054 

H3 Abcam ab1791 

H3.3 Abcam ab176840 

H3K4me3 Abcam ab8580 

H3K9me3 Abcam ab8898 

H3K27me3 Abcam ab6002 

NFkB p65 (C-20) Santa Cruz Biotechnology sc-372 

Normal rabbit IgG Santa Cruz Biotechnology sc-2027 

Rabbit anti-FLAG Sigma F7425 

SETDB1 Abcam ab12317 

STAT1 Santa Cruz Biotechnology sc-346 
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Table 2.1.4: List of small interfering RNA sequences 

siRNA Sense 5’ Antisense 3’ Description 

PMLII  CAUCCUGCCCAGCUGCAAAUU UUUGCAGCUGGGCAGGAUGUU Targets exon 7b 127 

control ACGCGAAUAGCGAGCAAGCUU  GCUUGCUCGCUAUUCGCGUUU No targets in human genome 128 

 

Table 2.1.5: List of primers for qPCR  

Primer Forward 5’ à 3’ Reverse 5’ à 3’ Reference 

qPCR PMLII AGGCAGAGGAACGCGTTGT GGCTCCATGCACGAGTTTTC 73 

qPCR ISG54 TGCAACCTACTGGCCTATCTA CAGGTGACCAGACTTCTGATT 
129 

qPCR ISG56 
GCCATTTTCTTTGCTTCCCCTA TGCCCTTTTGTAGCCTCCTTG 130 

qPCR SDHA TGGGAACAAGAGGGCATCTG CCACCACTGCATCAAATTCATG 73 

 

Table 2.1.6: List of primers for ChIP-qPCR  

Primer Sense 5’ à 3’ Antisense 5’ à 3’ Reference 

ChIP-qPCR IFNb pair 1 TGCTCTGGCACAACAGGTAG 

 

CAGGAGAGCAATTTGGAGGA 

 

73 

ChIP-qPCR IFNb pair 2 AACATTAGAAAACCTCACAGTTTGT 

 

TTCCCACTTTCACTTCTCCC 

 

73 

ChIP qPCR ISG54 GCCGAACAGCTGAGAATTGC CTGGCCCTCTTTGGGAACAT 131 
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Table 2.1.7: List of primers for mutagenesis PCR 

Primer Forward 5’ à 3’ Reverse 5’ à 3’ Reference 

Outer flanking 

(SB02) 

CAGCACCTCCAAGGCAGTCTCAC GTCTGCTCGAAGCATTAACCCTCAC 127  

Inner SM1  CATGTGGTACCCCTCAACCATCCTG GTTGAGGGGTACCACATGGGGAGACC This study 

Inner SM2 TCCGCGGCAGCTGCAAACTTTTTTGCCCTCC GTTTGCAGCTGCCGCGGATAAATGGGAGGAG This study 

Inner SM3 CATTTATCCTCCATGGCTTCCCAGC AGCCATGGAGGATAAATGGGAGGAG This study 

 
 
Table 2.1.8: List of plasmids  

Plasmid Description Reference 

pCI-neo FLAG Control plasmid containing a FLAG epitope sequence (MDYKDDDDK) 7 

pCI-neo FLAG-PMLII 

ΔRBCC 

 

Plasmids for expressing each PML isoforms II tagged with a FLAG epitope sequence 

(MDYKDDDDK). Gene expression is initiated by the human cytomegalovirus (CMV) 

immediate-early/enhancer region. Constructed by K.J. Lethbridge and N. Killick. The 

RBCC region amino acid residues have been deleted 

132 133 6 

pCI-neo FLAG-PMLII 

ΔRBCC D1/2/3 

As pCI-neo FLAG-PMLII ΔRBCC however containing a mutated version of the PMLII 

protein 

6 

pCI-neo FLAG-PMLII 

ΔRBCC-SM1/2/3 

As pCI-neo FLAG-PMLII ΔRBCC however containing a mutated version of the PMLII 

protein 

This study 
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2.2 Methods 

 

2.2.1 Cell Culture 

 

HEK293 and HeLa cells were maintained in DMEM supplemented with 10% FBS 

(v/v). BJ5ta and BJ5taDPMLII cells were maintained in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 10% foetal bovine serum (FBS) (v/v), 20% 199 

medium and 10µg/ml hygromycin. All cells were kept in an incubator at 37 oC with 

5% CO2.  

 

 

2.2.2 Chromatin ImmunoPrecipitation (ChIP) 

 

HeLa cells were seeded into 10 cm tissue culture plates (1x106 cells per plate) and 

transfected with siRNA using Lipofectamine 2000 at a ratio of 2 µl per 1 ng. Two days 

later cells were stimulated either by polyIC transfection or addition of IFNa to the 

medium. Cells were subject to crosslinking treatment with 1% formaldehyde (v/v) for 

8 min, followed by quenching with 25 mM glycine (final concentration). Cells were 

then washed with PBS, harvested, pelleted and then resuspended in lysis buffer (Buffer 

C, 20 mM HEPES pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM 

EDTA) on ice for 20 min. Nuclei were isolated by centrifugation in a microfuge at 

13000 rpm and were then resuspended in 120 µl breaking buffer (50 mM Tris-HCl 

pH8.0, 1 mM EDTA, 150 mM NaCl, 1% (w/v) SDS, 2% (v/v) Triton X-100) for 10 

min on ice, to lyse the nuclei. Samples were then sonicated on high power for 5 mins 

(30 s on, 30 s off intervals) in ice water using a Diaegenode biorupter to provide DNA 

fragments >200 bp in length. Chromatin samples were then diluted with 120µl of 

Triton Buffer (50 mM Tris-HCl pH8.0, 1 mM EDTA, 150 mM NaCl, 0.1% (v/v) Triton 

X-100) and incubated with 10 µl of protein A sepharose beads for 1 h at 4 oC to reduce 

non-specific DNA-bead interactions. Chromatin was then put through the ChIP kit 

One Step (Abcam) following the manufacturer’s protocol.  
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2.2.3 SYBR Green Quantitative PCR (qPCR) 

 

qPCR was conducted using SYBR Green qPCR Master Mix. Reaction volumes were 

20 µl containing 5 µl SYBR Green Master Mix, 10 µM forward and reverse primers 

and 50 – 100 ng of DNA or cDNA. qPCR primers are listed in Table 2.1.5 and ChIP 

qPCR primers are listed in Table 2.1.6. Amplification was done using the Agilent 

Technologies Stratagene Mx3005P. Reaction conditions were set as denaturation at 95 

ºC for 10 min, followed by 50 cycles of denaturation at 95 ºC 30 s, then 

annealing/extension at 60 ºC for 60 s.  

 

Results were analysed using ABI Prism 7000 software with quantification by 

calculating differences in Ct value. To assess the relative gene expression of cDNA 

the “delta–delta Ct method”134. This method uses the equation expression ratio=2-

ΔΔCt, where ΔΔCt = (Ct target−Ct reference). For the purposes of our reactions, target 

gene expression was normalized to housekeeping gene SDHA in the experiments using 

cDNA, or, for ChIP-qPCR experiments normalized to percentage of sample input. For 

ChIP DNA samples, expression was quantified as percentage of sample specific input 

after adjustments based on volume equivalence were conducted.  

 

 

2.2.4 Western Blot  

 

2.2.4.1 Harvesting Samples and FLAG-Affinity Co-Immunoprecipitation  

 

HEK293 cells were seeded in 10 cm dishes (3x106 cells per plate) to give a confluency 

of ~80%. 24 h later, cells were transfected with 15 μg of plasmid using 1μl of LF2000 

per 1 μg of plasmid, and incubated for a further 24 h. Cells were then stimulated with 

12 µg of polyIC for 4 h followed by PBS washes and cell lysis in lysis buffer (50 mM 

Tris-HCl (pH 7.5), 0.5% Triton X-100, 500 mM NaCl). Cell lysate was harvested and 

diluted with equal volumes of dilution buffer (50 mM Tris-HCl, pH 7.5) to return 

conditions closer to normal physiological conditions and assist with antibody binding. 

PhosSTOP and EDTA-free Complete protease inhibitor (Sigma-Aldrich) were added 

to lysis and dilution buffers to give final 2x concentration prior to use to prevent 
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changes in protein post-extraction that may result in loss of interactions between 

proteins of interest. 

 

Cell debris was then pelleted by centrifugation at 12,000x g for 10 min at 4 oC. A 

sample of the clarified lysate was removed to provide a sample input. 2x Laemlli buffer 

(125 mM Tris-HCl (pH 6.8) 4% w/v SDS, 20% glycerol, 0.02% bromophenol blue 

0.1M DTT) was added to the inputs and stored at -20 oC or kept on ice until FLAG-

samples were ready to be loaded onto a gel. The remainder of the clarified lysate was 

incubated with anti-FLAG affinity resin for 2 h on a rotating wheel at 4 oC. Beads were 

then pelleted, washed with 1x TBS (50 mM Tris-HCl (pH 7.4) and 150 mM NaCl). 1x 

Laemlli buffer without DTT was then added to the beads and incubated at 95 oC for 5 

min. Following this, beads were pelleted (8200 xg 30 s 4 oC) and the eluted proteins 

in the supernatant were removed. 1M DTT was added to the samples to 0.1M final 

concentration, which were then stored at -20 oC or kept on ice until loaded into a 

protein gel.  

 

 

2.2.4.2 SDS Gel Construction and Protein Separation by Electrophoresis 

 

Proteins were run on 8-10% Tris-glycine SDS-polyacrylamide gels. Samples and 

inputs were heated at 95 oC for 5 min to denature the proteins before being loaded on 

to the gel, alongside a reference protein ladder. Gels were run in 1x protein gel running 

buffer (25 mM Tris HCl, 192 mM glycine and 0.1% (w/v) SDS, pH 8.3) at a constant 

100 V until the dye front reached the bottom of the gel. 

 

 

2.2.4.3 Protein Transfer  

 

Proteins were transferred from the SDS protein gel onto nitrocellulose blotting 

membrane in transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol) at 100V 

for 1 h at 4 oC. 
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2.2.4.4 Antibody Binding  

 

After the transfer, membranes were incubated for 1 h at room temperature or overnight 

at 4 oC in a blocking solution (5% milk powder (w/v) in TBS-0.05% Tween20 (TBS-

T)). Membranes were then incubated with specific primary antibodies for 1 h at room 

temperature or overnight at 4 oC, then washed thoroughly with TBS-T before 

incubating the membranes with the appropriate HRP conjugated secondary antibody 

for 1 h at room temperature. Membranes were then washed thoroughly again with 

TBS-T. 

 

 

2.2.4.5 Chemiluminescence and Detection 

 

Secondary antibodies bound to the membranes were detected using ECL Advance 

reagent according to the manufacturer’s instructions by exposure to Fuji SuperRX 

film. 

 

 

2.2.5 PCR-Based Site-Directed Mutagenesis 

 

2.2.5.1 Initial PCR to Generate the Outer Flanks  

 

PCR reactions were conducted using the Q5 high fidelity DNA polymerase following 

manufacturer’s guidelines. Reactions were set up with 1X Q5 reaction buffer, 200 µM 

dNTPs, 0.5 µM of forward and reverse primers, 0.02 units/µl of Q5 DNA polymerase, 

1 ng plasmid DNA in a 25 µl final volume. Thermocycling conditions for the initial 

PCR are shown in Table 2.2.1. 
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Table 2.2.1: Thermocycling conditions for the initial PCR used to generate the 

outer flanks in the PCR-based site-directed mutagenesis. 

Step  Temperature  Time 

Initial Denaturation 98 oC 30 seconds 

10 cycles  

 

98 oC 

*50-72 oC (lower annealing temp 

for initial cycles with partial primer 

binding) 

72 oC 

5-10 seconds 

10-30 seconds 

 

20-30 seconds/kb 

20 cycles 98 oC 

*50-72 oC (higher temp based on 

full primer binding) 

72 oC 

5-10 seconds 

10-30 seconds 

 

20-30 seconds/kb 

Final Extension 72 oC 2 minutes 

Hold 4 oC  

*Annealing temperature calculated using NEB Tm calculator for primer pairs. Initial 
annealing temperature is lower due to partial binding of mutant primers to the wild 
type plasmid template. The second annealing temperature is higher due to the primer 
fully annealing to the mutated templates generated in the first step. 
 

 

2.2.5.2 Agarose Gel Electrophoresis 

 

PCR products were run on 0.8-1% (w/v) agarose gel made of 1 × TBE buffer (89 mM 

Tris base, 89 mM boric acid and 2 mM EDTA) containing 5 µl/100ml midori green or 

gel red DNA stain. The gel was then run at 80 V for 1.5 h. DNA fragment bands were 

then isolated using UV light on a Bio Rad Gel Doc with associated software.  

 

 

2.2.5.3 DNA Separation and Purification 

 

PCR products removed from the agarose gel were then isolated using a QIAGEN 

QIAquick Gel Extraction Kit following manufacturer’s instructions.  
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2.2.5.4 Overlapping PCR and Purification to Generate One Mutant Gene 

Product 

 

The purified outer flanking DNA fragments were overlapped by a second round of 

PCR. Reactions were set up with 1X Q5 reaction buffer, 200 µM dNTPs, 0.5 µM of 

forward and reverse primers, 0.02 units/µl of Q5 DNA polymerase, 1 ng purified DNA 

fragments plus water to make the reaction volume up to 25 µl final volume. 

Thermocycling conditions for the overlapping PCR are shown in Table 2.2.2. 

 

Table 2.2.2: Thermocycling conditions for the overlapping PCR used to generate 

the mutant gene product in the PCR-based site-directed mutagenesis. 

Step  Temperature  Time 

Initial Denaturation 98 oC 30 seconds 

6 cycles  

(no primers) 

98 oC 

*50-72 oC lower temp for initial 

cycles with partial primer binding 

72 oC 

5-10 seconds 

10-30 seconds 

20-30 seconds/kb 

30 cycles 

(Add primers) 

98 oC 

*50-72 oC higher temp based on 

full primer binding 

72 oC 

5-10 seconds 

10-30 seconds 

20-30 seconds/kb 

Final Extension 72 oC 2 minutes 

Hold 4 oC  

*Annealing temperatures were calculated using the NEB Tm calculator 
Primers were added after the first 6 cycles. The resulting overlapped DNA fragments 
were then purified as section 2.2.5.3. 
 

 

2.2.5.5 Restriction Digest and Purification of Mutant Gene Products 

 

A restriction digest reaction was set up including 10 U/µl of EcoR1, 10 U/µl of Mlu1, 

appropriate restriction enzyme buffer, 0.5 µg – 2 µg of overlap PCR product DNA 

made up to a total volume of 20 µl with water. DNA fragments were digested for 1-2 

h at 37 oC. The restricted DNA fragments were then purified as section 2.2.5.3.  

 



Chapter 2: Materials and Methods 

 42 

2.2.5.6 Restriction Digest and Purification of PMLIIDRBCC Plasmid 

 

1 µg of the PMLIIDRBCC plasmid was digested in a 20 µl reaction mix containing 10 

U/µl EcoR1, 10 U/µl of Mlu1 and appropriate restriction enzyme buffer. The reaction 

was incubated for 2-3 h at 37 oC. The restricted plasmid was run on an 0.8% agarose 

gel, excised and purified as section 2.2.5.2. 

 

 

2.2.5.7 DNA Ligation 

 

Ligation of the restricted PMLIIDRBCC plasmid and the restricted mutant gene 

products were set up based upon the following equation: 

									"#	$%	&'()$*	x	,-	./0'	$%	/".'*),-	./0'	$%	&'()$* 	x	1$23*	*3)/$	$%	 /".'*)&'()$* = "#	$%	/".'*) 

and using a molar ratio of 1 vector : 3 insert DNA. The ligation reactions contained 

100 ng vector DNA, calculated amount of insert DNA, 10X ligase buffer, 1 unit of T4 

DNA ligase enzyme made up to a 10 µl reaction volume with nuclease free water. The 

reaction was incubated for 3 h at room temperature or overnight at 4 oC. 

 

 

2.2.5.8 Transformation of Competent Bacterial Cells 

 

50 ng of ligation product or wildtype plasmid were added to 50 µl of DH5a competent 

cells (lab stock; prepared by standard transformation protocol) and incubated on ice 

for 40 min. Cells were then incubated for 90 s at 42 oC then plunged into ice for 2 min. 

1 ml of LB broth was then added and cells were incubated at 37 oC for 1 h in a shaking 

incubator. 150 µl of the resulting cell suspension was plated onto LB plates with 100 

ug/ml ampicillin as a selection antibiotic. Plates were incubated at 37 oC overnight. 

 

 

2.2.5.9 Growing Colonies and Colony PCR 

 

Colonies from each plate were picked and grown in 3 ml of LB broth with ampicillin 

(0.1 ug/ml). Colonies were grown for 3 h at 37 oC in a shaking incubator. 2 µl of each 
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culture was then removed for the colony PCR while the remainder was left to continue 

growing. The colony PCR was conducted using 2 µl of culture, Taq DNA polymerase, 

50 mM MgCl2, 10X PCR buffer, 10 mM dNTPs, 10 µM forward primer, 10 µM 

reverse primer and made up to a reaction volume of 50 µl with water. Thermocycling 

conditions for the Taq colony PCR are shown in Table 2.2.3. The resulting PCR 

products were run on a 1% agarose gel then assessed for positive clones, the master 

cultures for which were then kept and stored at 4 oC 

 

Table 2.2.3: Thermocycling conditions for the Taq colony PCR used in the PCR-

based site-directed mutagenesis to identify positive clones. 

Step  Temperature  Time 

Initial 

Denaturation 

94 oC 3 minutes 

 

30 cycles  

94 oC 

~55 oC (varies a little depending on 

Tm) 

72 oC 

45 seconds 

30 seconds 

90 seconds/kb 

Final Extension 72 oC 10 minutes 

Hold 4 oC  

 

 

2.2.5.10 Extraction of Plasmid DNA (Mini Prep) 

 

Plasmid DNA was extracted using 1 ml of culture and a QIAPrep spin Miniprep Kit 

following manufacturer’s instructions. 

 

 

2.2.5.11 Quantifying Nucleic Acid Concentrations 

 

A Nanodrop-ND1000 spectrophotometer (Thermo Scientific) was used to quantify 

DNA and RNA concentrations by measuring A260. Purity of the nucleic acids was 

determined by the absorbance ratio of A260/A280, with 1.8 indicating pure DNA and 

a ratio of 2 indicating pure RNA. 
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2.2.5.12 DNA Sequencing 

 

Plasmid of maximum concentration 100 ng/µl along with 5 µM of primers, were sent 

for sequencing at Eurofins Genomics (GATC Lightrun). Sequencing data were viewed 

using Chromas and analysed using SnapGene. 

 

 

2.2.6 Generating Mutant PMLII Fragments  

 

Following the methodology described by the lab group previously6, to construct a 

green fluorescent protein (GFP) expression clone tagged with PMLII-derived 

sequences, plasmid phrGFP-N1 (Stratagene) was modified to tag the phrGFP C-

terminus with the mutant PMLII fragment sequence. The sequence encoding the 

PMLII mutant fragment was amplified by PCR incorporating a BglII site at the N-

terminal end and a stop codon plus EcoR1 restriction site at the C-terminal end, 

suitable for cloning in-frame into hrGFP to generate hrGFP-mutant PMLII-fragments 

(Figure 2.1). All clones were verified by DNA sequencing. 
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Feature Nucleotide Position 

CMV promoter 1 – 597 

hrGFP ORF 606 – 1322 

5’ N1 primer binding site (for 5’ end of insert) [5’ 
CAGCTGACCAGCCTGGGCAAG 3´]  

1275 – 1295  

Multiple cloning site 1323 – 1406  

T7 primer binding site (for 3´ end of insert) [5´ 
TAATACGACTCACTATAGGG 3´]  

1439 – 1458  

SV40 polyA signal 1471 – 1854 

f1 origin of ss-DNA replication 1992 – 2298  

LoxP sequence 2461 – 2494  

ampicillin resistance (bla) ORF 2539 – 3396  

pUC origin of replication 3543 – 4210  

 

Figure 2.1: Map of the hrGFP plasmid sequence into which the mutant PMLII fragments 
were cloned. PMLII was inserted into the MCS region of the plasmid. Image taken from 
Vitality hrGFP Mammalian Expression Vectors, Agilent. 
 

 

2.2.7 Extracting RNA, Reverse Transcription & cDNA Synthesis for qPCR 

 

A QIAGEN RNeasy Mini Kit extracted RNA from cells; manufacturer’s instructions 

from the Quick-Start Protocol March 2016 RNeasy Mini Kit, Part 1 were followed. 

RNA was then DNase treated using RQ1 DNase with RQ1 DNase 1x buffer in 10 µl 

reactions. RNA samples were incubated for 30 min at 37 oC before RQ1 DNase STOP 
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solution was added. Samples were then incubated for further 10 min at 65 oC after 

which they were placed on ice.  

 

Reverse transcription was carried out using the Promega GoScript reverse 

transcriptase protocol. DNase treated RNA was incubated with random primers for 5 

min at 70 oC then stored on ice. Next the reverse transcription mix (GoScript 5x 

reaction buffer, MgCl2 (1.5-5.0 mM), PCR nucleotide mix (0.5 mM each dNTP), 

recombinant RNasin ribonuclease inhibitor (20 units), GoScript reverse transcriptase 

(1 µl)) was added up to a reaction volume of 20 µl. Samples were incubated at 25 oC 

for 5 min for annealing, 42 oC for 1 h for extension and finally 70 oC for 15 min to 

inactivate the reverse transcriptase. The resulting cDNA was quantified using the 

Nanodrop and analysed by qPCR, normalised to housekeeping genes. 

 

 

2.2.8 Assay for Transposase-Accessible Chromatin using sequencing (ATAC 

Seq) 

 

2.2.8.1 Sample Library Preparation 

 

 5 x 104 cells were used for each sample, either HeLa, BJ5ta wildtype, or 

BJ5taDPMLII. HeLa cells were transfected with control or PMLII siRNA for 48 h then 

harvested into tubes. All subsequent steps for the ATAC seq library preparation 

conducted on the HeLa cells samples can be found in the Buenrostro et al, 2015 

paper135. 

 

Preparation of ATAC seq samples using the BJ5ta cell lines began with an IFNa 

stimulation of 2, 4 or 24 h. All subsequent steps for the ATAC seq library preparation 

followed the ATAC-seq protocol (Omni) from the Kaestner Lab135. 
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2.2.8.2 Converting Sequencing Output Base Call Files to FASTQ Files 

 

bcl2fastq2 version 2.20 is a conversion software provided by Illumina used to convert 

base call (BC) files into FASTQ files. It utilises a sample sheet containing index 

sequences to demultiplex sequencing data to do this conversion.  

 

 

2.2.8.3 Initial Processing of FASTQ Files 

 

Initial processing was carried out following the protocol outlined by Katherine 

Woolley-Allen (University of Warwick) in the unpublished document “Understanding 

ATAC-seq data”. 

 

Trimmomatic136 version 0.39 was used to trim the adapter sequences from the paired-

end sequence data. The following parameters were used to preserve cut and 

accessibility information relating to the tagmentation process: 

ILLUMINACLIP:adapterfastafile.fa:2:30:10:1:true, to cut the adapter sequences from 

the read, SLIDINGWINDOW:4:15 to perform a sliding window, four bases in size, 

and trimming once the average quality within the window fell below a threshold of 15, 

TRAILING:3 to cut bases off the end of a read, if below a threshold quality of 3. 

 

 

2.2.8.4 Quality Control Checks on the Trimmed Data 

 

FastQC137 from the Babraham Bioinformatics website was utilised to perform quality 

control checks on the high throughput sequence data. It was used to assess the quality 

of the trimmed fastq files.  

 

 

2.2.8.5 Multistep Alignments of the Reads to the Genome 

 

Bowtie2 is an efficient tool for aligning sequencing reads to long reference 

sequences138. Using Bowtie 2 version 2.3.5.1, the data were initially aligned to an 

indexed human mitochondrial genome. Data that matched to the mitochondrial 
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sequences were then removed. All remaining paired-end sequence data was then 

aligned to the indexed human genome hg19, resulting in a SAM file which was 

converted into an equivalent binary file format using Samtools139 and indexed. 

 

 

2.2.8.6 Visualising the Aligned Reads 

 

To investigate any indication of over-amplification during the limited PCR cycles prior 

to sequencing, each BAM file was visualised in the genome browser IGV140. Several 

locations were checked to ensure there were no blocks of reads with the same start and 

end points. 

 

 

2.2.8.7 Assessing Alignment Statistics 

 

BAM flag distributions and MAPQ Score distributions were generated by Samtools 

for each sample. These were plotted and analysed to assess the quality of the data. 

 

 

2.2.8.8 Filtering Reads for Quality and Uniqueness 

 

BAM files were filtered by Samtools, using the -f2 filter to select for proper paired 

reads only and -q22 to remove counts with MAPQ scores less than 22. The insert size 

distribution for the remaining, filtered reads were then plotted to check for the 10.4 

base pair periodicity and nucleosome peaks typical of ATAC seq data. The FastQC 

analysis was also repeated on the filtered samples to check for improvements in the 

quality of the data reflected in the reports. 

 

 

2.2.8.9 Performing Peak Calling 

 

MACS2141 version 2.1.2 was used to identify the peaks present in the samples. All 

filtered samples were merged together to ensure peak numbering would be unified 

across all samples. Peaks with a -log(q-value) greater than 3 were then selected for 
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further analysis. This value was a cut off decided upon visual examination of peaks of 

increasing -log(q-value) to identify a threshold at which the peaks looked suitable 

above background and should be considered a true peak not just noise.  

 

 

2.2.8.10 Peak Selection and Clustering for the BJ5ta Cells Data 

 

Peak selection was carried out in R studio142. Comparisons of BJ5ta cell data among 

biological repeats across different conditions were conducted using DESeq2143. These 

peaks were then selected based upon adjusted p-values, raw p-values or the top 500 

peaks. The data were then scaled, and k-means clustering was performed on the 

selected peaks to group the data into clusters of different temporal expression. 

 

 

2.2.8.11 Peak Selection for the HeLa Cell Data  

 

Peak selection was also carried out in R studio as for the BJ5ta data, however, due to 

the lack of replicates in the HeLa cell data set, analysis by DESeq2 was not possible. 

As an alternative, peaks were selected based upon having a total count number greater 

than 20 and also having a ratio/fold change between the wildtype sample and the 

PMLII knockdown sample greater than 2 or less than 0.5. 

 

 

2.2.8.12 Peak Gene Annotation and Gene Ontology Term Analysis 

 

Selected peaks were annotated using Hypergeomatric Optimisation of Motif 

Enrichment (HOMER)144 version 4.11, annotatePeaks.pl scripts. Each peak was 

assigned the name of the gene closest to its position. The script was also used to 

provide information including the distance to a transcription start site, the nearest 

promoter ID and the gene type. The gene names were used in gene ontology (GO) term 

analysis. GOrilla is a tool for identifying and visualising enriched GO terms in a list 

of genes145. ConsensusPathwayDB146 (CPDB) was also used to conduct GO term 

analysis using over-representation analysis of the gene sets.  
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2.2.8.13 Motif Enrichment Analysis 

 

Motif enrichment analysis (MEA) was conducted using HOMER 

findMotifsGenome.pl script144. This identifies any increases in the presence of any 

transcription factor binding motifs compared to background data set. There are two 

options for MEA within HOMER: de novo motif discovery, which searches the target 

data to identify sequences that infer motifs that are enriched, or known motif 

discovery, in which known motif sequences are searched for within the data set and 

those that are most enriched are reported. De novo motif discovery is considered to be 

a more reliable method for identification of enriched motifs in larger sets of target 

sequences and was therefore used to conduct MEA in the ATAC seq clusters. 

 

The background data peakfile used for comparison varied throughout the analysis. In 

some cases, all the peaks identified in the whole genome for the experiment were used 

as a background. In some situations, however, this gave rise to numerous motifs that 

were difficult to compare due to the use of de novo motif discovery. In such 

circumstances, other test groups, all other clusters or unchanged peaks were used as a 

more restricted background data set. The selected option is indicated for each instance 

in the results. 
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3 Chromatin changes during the interferon response in HeLa cells 

 

3.1 Introduction 

 

Chromatin is a complex of negatively charged DNA coiled around positively charged 

histone proteins. The basic unit of chromatin is the nucleosome, which consists of 147 

DNA base pairs (bp) wrapped around an octamer of histone core proteins147. These 

core histones comprise of H2A, H2B, H3 and H4. Each histone has a long ‘tail’ that 

can be post-translationally modified, for example by acetylation or methylation, 

altering its interaction with the DNA148. The regulation of the chromatin structure and 

histone markers are important components in controlling transcription of genes. 

Alteration in the presence of certain histone H3 subtypes and different post-

translational modifications of histone tails are thought to indicate the level of 

transcriptional activity in a certain region of the chromatin94.  

 

The work in this chapter focuses on investigating the changes that occur at the 

chromatin level within HeLa cells during an interferon response. These cells are a 

human cervical cancer cell line used frequently in life science as an immortal model 

of human cells. In this chapter, HeLa cells were utilised in chromatin 

immunoprecipitation (ChIP) experiments to investigate the presence of histone 

markers H3K4me3, H3K9me3 and H3K27me3 along with histone H3 and subtype 

H3.3 at interferon stimulated genes (ISG) and the impact on these markers of 

stimulating gene transcription, either with or without prior depletion of PMLII that 

was shown previously to cause a substantial reduction in the induced level of 

expression of these genes149.   

 

ChIP is a powerful technique used to elucidate interactions between DNA and proteins, 

including histone markers. In the subsequent experiments, HeLa cells were transfected 

with siRNA to transiently knockdown PMLII and then stimulated for 4 h with polyIC 

or IFNa. Chromatin was then harvested from the cells and fragmented by sonication 

then, through the use of specific antibodies, chromatin associated with the protein of 

interest was precipitated. The recovered DNA was then analysed by qPCR using 

primers for the IFNb gene or ISG54, and quantified relative to the amount of DNA 

input into the assay, which was measured on a retained sample of chromatin.  
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3.2 PMLII siRNA reduced PMLII expression 

 

Initial experiments were conducted to determine the PMLII siRNA worked effectively 

in HeLa cells to reduce the expression of PMLII compared to the control siRNA. RNA 

was harvested from HeLa cells transfected with control siRNA or PMLII siRNA. This 

RNA was reverse transcribed into cDNA and then analysed through qPCR. The 

relative expression level of PMLII was calculated compared to succinate 

dehydrogenase complex, subunit A (SDHA) using the delta-delta Ct method.  

 
Figure 3.2.1 Comparing control siRNA to PMLII siRNA showed there was a reduction 
of PMLII expression. HeLa cells were transfected with 100 pmol/ml of control siRNA or 
PMLII siRNA for 24 h. RNA was then harvested from the cells, reverse transcribed into cDNA 
and analysed by qPCR. PMLII expression was relative to succinate dehydrogenase (SDHA) 
house-keeping gene. Error bars indicate standard deviation among technical replicates of the 
qPCR reaction, ** indicates a t-test p-value < 0.01 when comparing control siRNA to PMLII 
siRNA conditions. The t-test comparison of the control siRNA vs the PMLII siRNA resulted 
in a p-value = 0.0021. 
 
 

As shown in Figure 3.2.1, there was a significant decrease in relative expression of 

PMLII upon the addition of PMLII siRNA. This showed that the siRNA knockdown 

was effective as the expression of PMLII in the HeLa cells was reduced by more than 

22-fold with PMLII siRNA. 
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3.3 IFNa and PolyIC Elicited an Immune Response and Activated ISGs 

 

An additional preliminary experiment was conducted to determine that the stimulation 

conditions were suitable to elicit a response from the HeLa cells. Addition of 1000 

U/ml of IFNa or transfection of 1.2 pmol polyIC using LF2000 was performed on the 

HeLa cells for 4 h. RNA was then harvested, reverse transcribed to cDNA and quantity 

measured through qPCR. Expression of IFNß and ISG54 genes were analysed as a 

measure of activation by the stimuli. IFNß was selected as in non-immune cells it is 

the first gene to respond transcriptionally through sensing of a pathogen in the IFN 

response. ISG54 was investigated as it is also a gene known to give a rapid and strong 

transcriptional response to IFN stimulation. 

 

There was significant stimulation after 4 h by both IFNa and polyIC. At the IFNß 

gene, there was a large 80-fold increase following polyIC stimulation and a 17-fold 

increase at ISG54. 4 h post stimulation with IFNa, ISG54 also showed an increase, 

although smaller at 8-fold (Figure 3.3.1). 
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Figure 3.3.1: The level of RNA 
expression for ISG54 increased upon 
polyIC or IFNa stimulation after 4 h in 
HeLa cells. HeLa cells were stimulated 
with 1.2 pmol of polyIC or 1000 U/ml 
IFNa for 4 h. Total RNA was extracted, and 
reverse transcribed by RT-PCR before 
being analysed by qPCR. The levels of 
IFNß and ISG54 RNA was normalised to 
SDHA RNA with values presented relative 
to the unstimulated HeLa cells. The 
quantification of RNA was conducted using 

the “delta-delta Ct method”. Error bars represent the standard deviation from the triplicate 
qPCR results. The * indicates a t-test p-value < 0.05, ** for a p-value < 0.01 and *** for a p-
value < 0.001 when 0 h and 4 h results were compared for each condition. 
 

 

3.4 siRNA and Stimulation Combined Showed a Reduction in ISG54 

Activation 

 

Depletion of PMLII has been reported previously to diminish the transcriptional 

response to IFNa treatment73. To confirm that this effect could be seen here, cells were 

transfected with control or PMLII siRNA for 48 h followed by the addition of 1000 

U/ml of IFNa or polyIC for 4 h. RNA was then harvested, reverse transcribed and 

relative expression was analysed by qPCR (Figure 3.4.1). 
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Figure 3.4.1: Interferon response transcription is reduced by prior depletion of PMLII.   
The level of ISG54 RNA expression increased upon IFNa and polyIC stimulation for 4 h in 
HeLa cells. However, the increase was subdued in the samples with reduced PMLII present. 
HeLa cells were stimulated with 1000 U/ml IFNa (A) or 1.2 pmol of polyIC (B) for 4 h. Total 
RNA was extracted, and reverse transcribed by RT-PCR before being analysed by qPCR. The 
level of ISG54 RNA expression was normalised to SDHA RNA with values presented relative 
to the unstimulated HeLa cells. The quantification of RNA was conducted using the “delta-
delta Ct method”. Error bars represent the standard deviation from the triplicate qPCR results. 
The *** indicates a t-test p-value < 0.001, **** for a p-value of < 0.0001, ***** for a p-value 
of < 0.00001 for comparisons of unstimulated to stimulated conditions. 
 

 

ISG54 transcription significantly increased upon stimulation with IFNa or polyIC with 

either control siRNA or PMLII siRNA transfected. However, the size of the increase 

in transcription was greater in samples with control siRNA and therefore more PMLII 

present. Control siRNA samples showed a 10-fold increase in ISG54 mRNA upon 

stimulation with IFNa whereas PMLII-depleted samples only increased 6-fold. For 

0

2

4

6

8

10

12

Untreated c
siRNA

4h IFNa csiRNA Untreated PMLII
siRNA

4h IFNa PMLII
siRNA

Re
la

tiv
e E

xp
re

ss
io

n

IFNa stimulation

ISG54

******

****

0

10

20

30

40

50

Untreated c
siRNA

4h polyIC c
siRNA

Untreated PMLII
siRNA

4h  polyIC  PMLII
siRNA

Re
la

tiv
e E

xp
re

ss
io

n

polyIC stimulation

ISG54

***

****

A

B



Chapter 3: Chromatin changes during the interferon response in HeLa cells 

 57 

polyIC stimulations, a 39-fold increase was elicited in the control siRNA samples, and 

only a 10-fold increase in the samples with PMLII siRNA present. 

 

These preliminary experiments confirmed that the siRNA transfection and stimulation 

conditions were suitable to reduce PMLII and induce a response in the HeLa cells. 

These conditions were therefore used in subsequent investigations. 

 

 

3.5 Optimisation of the Chromatin Immunoprecipitation Protocol 

 

Following on from determining suitable stimulation and siRNA transfecting 

conditions, optimisation of the ChIP protocol was required. Firstly, optimal sonication 

conditions needed to be determined to ensure the chromatin fragments were of the 

correct size. Subsequently, difficulties in qPCR intra-triplicate variation needed to be 

overcome to enable meaningful data to be collected. Different qPCR primers were also 

tested to obtain a cleaner, single peak, qPCR product. 

 

 

3.5.1 Optimisation of Sonication Conditions 

 

The original protocol previously used in the lab group suggested using the Diagenode 

Bioruptor for 45 min of high-power sonication with 30 s intervals of on and off, carried 

out in 4 x 10 min and 1 x 5 min cycles on ice cold water to fragment the chromatin. 

The resulting chromatin was visualised on an agarose gel and it was found that these 

conditions produced chromatin fragments smaller than 100 bp. Optimal length of 

chromatin fragments is 100 – 1000 bp150. 

 

Therefore, to optimise and improve the sonication conditions for chromatin shearing, 

1 – 4 x cycles of 5 min high-power sonication with 30 s intervals of on and off, on ice 

water were tested on the chromatin (Figure 3.5.1). These fragments were then 

visualised on an agarose gel and showed fragments ranged from 100 bp – 200 bp when 

1-3 cycles were used, and ~100 bp when 4 cycles were used. From this result, it was 

decided that 1 cycle of 5 min high-power sonication would be the optimal conditions 

to proceed with. 



Chapter 3: Chromatin changes during the interferon response in HeLa cells 

 58 

  

Figure 3.5.1: Size spectrum of chromatin fragments following sonication. (Left) 
Sonication carried out for 45 mins: DNA harvested from HeLa cells was sonicated in a 
bioruptor on a high setting for 3 lots of 15 min cycles with 30s on and 30s off, on ice water. 
(Right) Optimisation of sonication with 1-4 cycles of 5 min of 30 s on 30 s off on ice water. 
The resulting fragments were separated on 1.5% agarose gel and detected by GelRed staining.   
 

 

3.5.2 Reducing Intra-triplicate Variation in qPCR Technical Triplicates 

 

Table 3.5.1 displays a set of Ct values obtained from the initial ChIP experiment using 

the protocol previously used by lab group members. The data highlights difficulties in 

handling small, barely visibly DNA pellets during the purification and washing steps 

resulting in many “No Ct” values across technical triplicates. There was also large 

intra-triplicate variation between the qPCR technical repeats using the same DNA 

sample. This made it impossible to draw any meaningful conclusions from the data 

and therefore, required optimisation of the protocol. 
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Table 3.5.1: Raw qPCR Ct data obtained from a chromatin immunoprecipitation 
experiment following the original protocol to investigate histone markers at the IFNb 
gene. Chromatin was harvested from HeLa cells, after 48 h of either PMLII siRNA or control 
siRNA treatment. Samples were precleared by incubation with protein A sepharose beads for 
1 h and then precipitated with anti-H3K4me3, anti-H3K9me3, anti-H3.3 or species matched 
IgG. The recovered DNA was analysed by qPCR. Data are shown as raw Ct values from qPCR 
analyses. Red text shows anomalous values on the basis that the individual data value is more 
than 0.5 Ct away from the other two closer Ct values. Red highlighted data shows No Ct values 
where no DNA was present in qPCR reactions. Yellow highlighted data shows high levels of 
intra-triplicate variation which makes it difficult to identify anomalies or true data values. 
 

 

3.5.3 Testing the Impact of Different Glycogen Concentrations on qPCR 

Results 

 

One observation from the data shown in Table 3.5.1 was the reduced level of variation 

in the values obtained for DNA from input samples as compared with DNA recovered 

from immunoprecipitated samples. These are samples of chromatin retained after 

harvesting and sonication, and not put through the immunoprecipitation (IP) stages. 

Consequently, these input samples were therefore expected to have a higher DNA 

concentration than the selective ChIP samples, a feature that may explain the improved 

quality in the qPCR results.  

 

One further difference between the input samples of DNA and the ChIP sample DNA 

in the qPCR reaction, was the dilution of the DNA prior to addition to the plate. As 

 
0h No 
siRNA 

24h c 
siRNA 

24h PMLII 
siRNA 

48h c 
siRNA 

48h PMLII 
siRNA 

Input 26.67 26.98 28.42 27.33 25.64 
Input 25.95 26.66 27.71 25.75 25.65 
Input 26.27 26.29 27.97 25.62 26.32 
IgG 31.5 No Ct 34.38 30.56 31.24 
IgG 31.1 No Ct 31.7 30.55 30.88 
IgG 32.11 No Ct 32.36 30.61 30.25 
H3K4me3 32.81 29.48 No Ct No Ct No Ct 
H3K4me3 31.61 28.95 No Ct 28.62 No Ct 
H3K4me3 30.89 28.89 No Ct 26.95 36.31 
H3K9me3 27.25 29.08 29.24 28.94 32.01 
H3K9me3 28.89 28.77 30.01 28.66 29.07 
H3K9me3 28.69 28.5 30.38 28.27 29.04 
H3.3 No Ct 35.05 30.07 No Ct 31.55 
H3.3 No Ct 30.36 30.11 No Ct 28.57 
H3.3 41.66 31.49 30.04 No Ct 27.94 
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the input sample should have a higher concentration of DNA, it was diluted 1 in 10 

before being added, whereas the ChIP DNA samples had a lower DNA concentration 

due to the selection of fragments through the IP process, were diluted 2 in 5. 

Consequently, the amount of glycogen – used as a carrier for DNA precipitation – 

present in the final qPCR reaction mix for input samples was lower than the 

concentration of glycogen present in the wells for the ChIP samples.  

 

To investigate the impact of the glycogen concentration on the qPCR results, the input 

sample DNA was analysed again using higher glycogen conditions to replicate the 

concentration of glycogen present in the ChIP DNA samples in the assay. The Ct 

values obtained were compared to the Ct values obtained for the original, lower 

glycogen conditions (Table 3.5.2).  

 

The higher glycogen concentration in the qPCR reaction resulted in much higher Ct 

values being obtained for equivalent amounts of input DNA when compared to the 

original conditions. In all five conditions tested, the Ct value increased (compare Table 

3.5.2 with the top row of Table 3.5.1) therefore suggesting that the presence of the 

increased glycogen amount inhibits the PCR reaction resulting in a weaker PCR signal 

despite the same amount if DNA present. This result indicated that the glycogen was 

in fact having an impact on the qPCR reaction and artificially altering the Ct values 

obtained for the DNA samples. 

Table 3.5.2: Raw qPCR Ct values for input samples with increased glycogen. Input 
samples from the experiment displayed in Table 3.5.1, re-analysed with an increased glycogen 
concentration to match the concentration present in the ChIP samples. The data shows the raw 
qPCR Ct values. Red text shows anomalous values on the basis that the individual data value 
is more than 0.5 Ct away from the other two closer Ct values. Yellow highlighted data shows 
high levels of variation which makes it difficult to identify anomalies or true data values. 
 
 
Increasing the concentration of glycogen in the input samples resulted in more varied 

Ct values and increased intra-triplicate variation in the data compared to initial qPCR 

data obtained at lower glycogen concentrations. This result indicated that glycogen 

was having an adverse effect on the qPCR reaction and subsequent data produced. 

 
0h No 
siRNA 

24h c 
siRNA 

24h PMLII 
siRNA 

48h c 
siRNA 

48h PMLII 
siRNA 

High Glycogen Input1 28.66 29.46 30.58 27.3 28.9 
High Glycogen Input2 27.1 28.42 29.09 26.65 28.64 
High Glycogen Input3 26.62 27.39 28.82 26.27 27.23 
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3.5.4 Testing Pellet Paint for DNA Precipitation 

 

In response to identifying an adverse effect of pelleting the DNA with glycogen on the 

qPCR results, it was decided that Pellet Paint NF Co-precipitant, a commercial product 

available from Merk-Millipore, would be used as an alternative. This compound was 

expected to precipitate the DNA faster than glycogen, but would also colour the pellet 

blue, making the handling of the small pellet far easier.  

 

The ChIP experiment was then repeated, investigating changes in H3K4me3 and 

H3K9me3, using 2 µl of Pellet Paint per sample to precipitate the DNA (Table 3.5.3). 

 
0h No 
siRNA 

24h c 
siRNA 

24h PMLII 
siRNA 

48h c 
siRNA 

48h PMLII 
siRNA 

Input 28.95 28.36 29.89 27.61 27.67 
Input 28.5 26.6 26.73 26.54 25.95 
Input 28.3 27.13 28.01 28.91 26.78 

IgG 31.77 32.15 30.99 No Ct 29.75 
IgG 31.11 31.07 31.12 45.21 No Ct 
IgG 31.16 31.05 30.45 31.69 29.3 

H3K4me3 29.73 30.55 45.09 29.49 28.93 
H3K4me3 29.78 29.99 32.65 45.98 29.11 
H3K4me3 28.8 29.9 30.42 32 29.17 
H3K9me3 28.52 29.06 30 29.74 44.93 
H3K9me3 28.15 29.21 No Ct 28.1 27.2 
H3K9me3 28.82 28.98 29.73 27.84 27.56 

Table 3.5.3: Raw qPCR Ct data for the IFNb gene, obtained from a chromatin 
immunoprecipitation experiment where Pellet Paint NF Co-precipitant was used to 
precipitate the DNA. Chromatin was harvested from HeLa cells, after 48 h of either PMLII 
siRNA or control siRNA treatment. Samples were precleared by incubation with protein A 
sepharose beads for 1 h and then precipitated with anti-H3K4me3, anti-H3K9me3, anti-H3.3 
or species matched IgG. The recovered DNA was analysed by qPCR. Data are shown as a raw 
Ct values from the qPCR analysis. Red text shows anomalous values on the basis that the 
individual data value is more than 0.5 Ct away from the other two closer Ct values. Yellow 
highlighted data shows high levels of unsuitable variation which makes it difficult to identify 
anomalies or true data values. 
 

 

Using the Pellet Paint prevented the occurrence of all triplicates reading “No Ct” 

therefore indicating better handling of the DNA pellets through the washing and 

purification steps. There were however, still numerous anomalies and results with high 
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intra-triplicate variation, suggesting that precipitating the DNA with glycogen was not 

the only source of variation in the data. 

 

The poor qPCR triplicate results could not have been a consequence of the antibodies 

being used as there was at least one condition for each antibody that worked 

successfully. Similarly, the siRNA could not be the cause of the error as in each 

condition there was one qPCR triplicate that showed good reproducibility.  

 

 

3.5.5 Testing the qPCR Machine  

 

One potential cause for poor intra-triplicate reproducibility was the qPCR machine. 

This hypothesis was tested by running 36 identical samples made from one large, well-

mixed, master mix pipetted out into multiple wells across the top 3 rows of a qPCR 

plate. Despite the solutions being identical in each well, the Ct values obtained for the 

36 repeats varied by 1.89 Cts (Figure 3.5.2). This result suggests more than a 2-fold 

difference in the DNA concentration between the identical wells.  

 

 

Figure 3.5.2: Variation of Ct values occurred in identical repeats of qPCR analysis. 36 
identical replicates of a single master mix containing HeLa chromatin were analysed to assess 
the reproducibility of the qPCR machine. 
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Upon closer inspection, each row showed a different level of variance. The top row 

varied the least by 0.73 Ct, the middle row by 1.52 Ct and finally the third row by 2.46 

Ct. This led to a hypothesis that the plastic seal was not uniform across the whole plate 

and perhaps enables evaporation from some wells leading to differences in Ct values 

being obtained for, what should be, identical wells. 

 

 

3.5.6 Testing Cap Lids instead of Plastic Sheet Seal 

 

To investigate the hypothesis that the plastic sheet seal was contributing to the intra-

triplicate variation, input samples of chromatin from each condition were tested with 

either a plastic sheet seal or small plastic cap lids.   

Caps 
0h No 
siRNA 

24h c 
siRNA 

24h PMLII 
siRNA 

48h c 
siRNA 

48h PMLII 
siRNA 

Input 31.82 28.1 30 No Ct 30.15 
Input 30.75 27.84 29.58 27.15 28.48 
Input 31.29 28.27 28.81 27.11 28.25 

 

Plastic 
seal 

0h No 
siRNA 

24h c 
siRNA 

24h PMLII 
siRNA 

48h c 
siRNA 

48h PMLII 
siRNA 

Input 28.95 28.36 29.89 27.61 27.67 
Input 28.5 26.6 26.73 26.54 25.95 
Input 28.3 27.13 28.01 28.91 26.78 

Table 3.5.4: Raw qPCR Ct data for the IFNb gene, obtained from input chromatin 
retained from a ChIP experiment, comparing the use of plastic cap lids with plastic sheet 
seals for the qPCR. Chromatin was harvested from HeLa cells, after 48 h of either PMLII 
siRNA or control siRNA treatment. Samples were precleared by incubation with protein A 
sepharose beads for 1 h and purified by phenol-chloroform extraction. Data are shown as a 
raw Ct values from the qPCR analysis using plastic caps to close the wells (top) or the plastic 
sheet to seal the plate (bottom). Red text shows anomalous values on the basis that the 
individual data value is more than 0.5 Ct away from the other two closer Ct values. Yellow 
highlighted data shows high levels of unsuitable variation which makes it difficult to identify 
anomalies or true data values. 
 

 

The Ct values obtained for the caps may be considered to be marginally improved in 

terms of variation when compared to plastic seal, however, they still have intra-

triplicate variation and anomalous results. The Ct values obtained for the samples with 

cap lids were also higher than those obtained for the plastic seal suggesting less DNA 
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in the wells with capped lids. This does not support the hypothesis that there was extra 

evaporation from the plate when sealed by a plastic sheet, and shows that this was not 

the source of the intra-triplicate variation. 

 

 

3.5.7 Testing a Different qPCR Machine 

 

Since well-to-well variation among the qPCR triplicates could not be accounted for, 

the possibility was considered that the qPCR machine was faulty. To test this, the same 

batch of chromatin that was harvested from the experiment to test the Pellet Paint, was 

run on a second qPCR machine (Table 3.5.5). The data still showed large intra-

triplicate variation indicating that the qPCR machine was not the cause of the variation.  

 

 
0h No 
siRNA 

24h c 
siRNA 

24h PMLII 
siRNA 

48h c 
siRNA 

48h PMLII 
siRNA 

Input 31.78 28.2 29.13 28.73 31.06 
Input 30.2 27.33 27.91 26.88 28.16 
Input 30.92 27.5 27.91 26.51 26.91 
IgG 32.79 32.74 33.37 No Ct 29.84 
IgG 33.22 32.38 33.02 32.93 31.34 
IgG 32.14 32.8 32.78 30.79 28.77 
H3K4me3 31.06 31.49 31.67 28.77 29.75 
H3K4me3 30.94 30.65 30.42 28.77 32 
H3K4me3 30.96 31.68 30.78 28.56 30.1 
H3K9me3 30.39 30.68 30.41 30.33 28.36 
H3K9me3 31.25 29.42 29.51 28.16 28.28 
H3K9me3 30.53 30.28 29.92 29.16 28.15 

Table 3.5.5: Raw qPCR Ct data for the IFNb gene from a second qPCR machine using 
the same chromatin that was obtained from the chromatin immunoprecipitation 
experiment where Pellet Paint NF Co-precipitant was used to precipitate the DNA. 
Chromatin was previously harvested from HeLa cells, after 48 h of either PMLII siRNA or 
control siRNA treatment. Samples were precleared by incubation with protein A sepharose 
beads for 1 h and then precipitated with anti-H3K4me3, anti-H3K9me3, anti-H3.3 or species 
matched IgG. The recovered DNA was analysed by qPCR. Data are shown as a raw Ct values 
from the qPCR analysis. Red text shows anomalous values on the basis that the individual data 
value is more than 0.5 Ct away from the other two closer Ct values. Yellow highlighted data 
shows high levels of unsuitable variation which makes it difficult to identify anomalies or true 
data values. 
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3.5.8 Other Troubleshooting to Identify the Cause of Intra-triplicate Variation 

 

Further investigations were conducted to try and identify the cause of the intra-

triplicate variation in the data. One such experiment included testing a new batch of 

qPCR SYBR green master mix and a fresh dilution of qPCR primers with the 

hypothesis that these reagents may have degraded in storage or become contaminated. 

The qPCR step was repeated using the same chromatin as before, however the data 

still showed large intra-triplicate variation. 

 

Following on from this result, it was thought that the contamination causing the 

variable inhibition of the PCR, may therefore be present in the DNA samples 

themselves. To test this, DNA samples were serially diluted as this would also dilute 

any contaminants should they be present. It was expected that the more dilute 

concentrations of DNA would show less variation as they may contain less 

contamination than the undiluted samples. However, this was not seen in the Ct values. 

The more dilute DNA samples showed more variation in the Ct values between the 

triplicates than the DNA that was more concentrated. 

 Fold Dilution of DNA 
 1 10 100 1000 10000 
H3K4me3 No Ct 27.34 30.51 37.24 40.91 
H3K4me3 24.4 27.23 32.19 33.89 37.04 
H3K4me3 24.4 27.89 36.3 38.56 33.31 
Average 24.4 27.4866667 33 36.5633333 37.0866667 
Expected 24 27 30 33 36 
stdev 0 0.35360053 2.97877492 2.40741217 3.80021491 

Table 3.5.5: Variation in Ct value increased on average as DNA became more dilute. Raw 
qPCR Ct data for the IFNb gene obtained from a chromatin immunoprecipitation experiment 
where Pellet Paint NF Co-precipitant was used to precipitate the DNA. Chromatin was 
harvested from HeLa cells, precleared by incubation with protein A sepharose beads for 1 h 
and then precipitated with anti-H3K4me3. The recovered DNA was serially diluted and 
analysed by qPCR. Data shows the average Ct value for the technical triplicates, the associated 
standard deviation and the expected Ct value for each dilution. 
 

 

The next hypothesis tested was the idea that perhaps the DNA was not fully 

resolubilised in the rehydration step, leading to random sampling producing replicate 

aliquots for testing that contained different numbers of DNA molecules. In the original 

protocol, DNA pellets were washed in 70% ethanol and then dried in a vacuum drier 
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before being resuspended in 40 µl water for one hour at 4 oC then placed in the at -20 

oC overnight. Other methods for rehydrating the pellet were tested, including leaving 

the pellet at 4 oC overnight and using a QIAGEN PCR clean up kit to extract the DNA 

instead of precipitating a pellet. All of these methods were tested using the same 

sample of chromatin. DNA was then diluted and analysed through qPCR. No method 

improved the intra-triplicate variation seen in the data when using the original 

methodology. 

 

 

3.5.9 Improving qPCR Product Purity 

 

Upon inspection of the qPCR dissociation curve traces, it was noticed that the primers 

initially used for the IFNb gene were possibly binding at several locations, resulting 

in the generation of multiple peaks. Ideally, qPCR with a pair of primers should result 

in a single product based upon the amplicon determined by the chosen primers. If the 

reaction gives rise to a single product then the associated Ct value is based upon signal 

solely from the desired product. Initially, the primer pair used (Primer pair 1 in Figure 

3.5.3) gave rise to multiple products which can be seen in the qPCR dissociation curve 

(Figure 3.5.4). This indicated that the Ct values attributed to these samples were a 

summation of multiple product peaks rather than signal generated from the one desired 

amplicon. To solve this problem, a second pair of primers was tested, designed for the 

IFNb gene enhancer region, a region of the gene that has previously been well 

characterised, with regards to changes at the chromatin level, upon stimulation. These 

primers gave rise to a single qPCR product with one larger peak at the correct size for 

the desired amplicon (Figure 3.5.5). The intra-triplicate variation, however, was still 

present although to a lesser degree (Table 3.5.6). Nonetheless, Primer pair 2 was used 

for all subsequent experiments in this chapter. 
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Primer pair 
1 

c siRNA no 
polyIC 

c siRNA + 
polyIC 

PMLII siRNA 
no polyIC 

PMLII siRNA 
+ polyIC 

Input 28.69 30.14 28.81 33.19 
Input 36.5 31.85 29.29 28.16 
Input 39.31 27.81 32.9 33.68 
Our IgG 27.74 35.7 43.51 31.55 
Our IgG 30.68 34.09 33.54 37.01 
Our IgG 29.66 37.8 32.47 30.71 
H3K4me3 28.62 34.89 46.47 46.63 
H3K4me3 33.19 44.81 33.27 37.9 
H3K4me3 39.78 No Ct 36.25 31.35 
     
     
Primer pair 

2 
c siRNA no 
polyIC 

c siRNA + 
polyIC 

PMLII siRNA 
no polyIC 

PMLII siRNA 
+ polyIC 

Input 25.7 28.11 28.65 27.04 
Input 24.98 27.36 27.49 27.57 
Input 25.68 27.87 27.58 27.91 
Our IgG 26.81 32.77 32.2 32.64 
Our IgG 27.02 31.6 30.02 30.81 
Our IgG 27.63 33.53 31.27 30.9 
H3K4me3 26.2 29.82 30.99 30.59 
H3K4me3 27 30.16 29.45 29.47 
H3K4me3 27.88 29.92 30.97 29.31 
Table 3.5.6: Use of primer pair 2 resulted in less Ct variation relative to primer pair 1. 
Raw qPCR Ct data for the IFNb gene obtained from a chromatin immunoprecipitation 
experiment where Pellet Paint NF Co-precipitant was used to precipitate the DNA. Chromatin 
was harvested from HeLa cells, precleared by incubation with protein A sepharose beads for 
1 h and then precipitated with anti-H3K4me3 or species matched IgG. The recovered DNA was 
then analysed by qPCR using the original primer pair 1 (A) or the improved primer pair 2 (B). 
Red text shows anomalous values on the basis that the individual data value is more than 0.5 
Ct away from the other two closer Ct values. Yellow highlighted data shows high levels of 
unsuitable variation which makes it difficult to identify anomalies or true data values.  
 

 

After attempting to address the issues of variation and loss of DNA pellets in the ChIP-

qPCR protocol and partially improving it, it was decided to change from the original 

protocol and utilise a ChIP kit One Step from Abcam to conduct the subsequent ChIP 

experiments. 

 

A 

B 
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Figure 3.5.3: Primers designed for IFNb gene and IFNb enhancer. Position of the two 
nucleosomes present in this region 116 of DNA are shown along with the TATA box and the 
transcription start site (TSS) for the IFNb gene. The hybridization positions of primer pairs 1 
and 2 are indicated by purple arrows. Chromosome 9, nucleotides 21,076,811 - 21077230 are 
shown.



Chapter 3: Chromatin changes during the interferon response in HeLa cells 

 69 

 
Figure 3.5.4: qPCR Dissociation curve for IFNb primer pair 1. HeLa chromatin harvested after 48 h with PMLII siRNA or control siRNA. Samples were 
precleared by incubation with protein A sepharose beads for 1 h and then precipitated with anti-H3K4me3, anti-H3K9me3, anti-H3.3 or species matched IgG. 
The recovered DNA was analysed by qPCR using primer pair 1, designed over a region of nucleosome II of the IFNb gene. The resulting dissociation curves 
for all samples obtained at the end of the reaction are displayed. More than one product was being produced illustrated by the multiple peaks present in the 
dissociation curve. Individual assays are distinguished by a specific shape/colour, however are irrelevant when assessing the purity of the product produced. 
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Figure 3.5.5: qPCR Dissociation curve for IFNb primer pair 2. HeLa chromatin harvested after 48 h with PMLII siRNA or control siRNA. Samples were 
precleared by incubation with protein A sepharose beads for 1 h and then precipitated with anti-H3K4me3, anti-H3K9me3, anti-H3.3 or species matched IgG. 
The recovered DNA was analysed by qPCR using primer pair 2, designed over nucleosome I and the enhancer region of the IFNb gene. The resulting dissociation 
curves for all samples obtained at the end of the reaction are displayed. An improved dissociation curve with primarily one product being produced by the qPCR 
illustrated by a single larger peak. Individual assays are distinguished by a specific shape/colour, however are irrelevant when assessing the purity of the product 
produced.
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3.5.10 Pre-clearing the Chromatin Samples Reduces Background Signal in 

H3K4me3 ChIP Analysis 

 

The initial ChIP-qPCR experiment, using the Abcam One Step ChIP kit, was 

conducted to investigate changes in H3K4me3 at the IFNb gene. Chromatin was 

harvested and sonicated as section 3.5.1; however, the immunoprecipitation step was 

now conducted in a plate with bead-coated wells. The experiment was conducted 

following the Abcam ChIP kit One Step protocol. This led to results with high, variable 

IgG background signal (Figure 3.5.6), but did show that the ChIP was successful for 

the H3K4me3 antibody, with some signal being detected for this histone marker.  
 

Figure 3.5.6: Chromatin immunoprecipitation for H3K4me3 markers at the IFNb 

promoter using the ChIP kit. Chromatin harvested from HeLa cells with or without polyIC 
stimulation for 4 h was precipitated with either anti-H3K4me3 or species-matched control IgG 
following the Abcam One step ChIP kit. The recovered DNA was analysed by qPCR. Data 
are shown as % of input, which was measured on a retained sample of chromatin. Error bars 
indicate standard deviation among technical replicates of the qPCR reaction. * indicates a t-
test p-value < 0.05, and ** indicates a t-test p-value of < 0.01. 
 

 

This data showed that H3K4me3 increased, relative to IgG signal, upon polyIC 

addition, for samples transfected with control siRNA. This change did not occur in the 

samples with PMLII knocked down. Instead, the H3K4me3 signal appears to be 
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reduced upon polyIC transfection in cells with less PMLII present, relative to the IgG 

background signal. 

 

To reduce the non-specific binding of the DNA represented by the IgG bars in the 

figures, preclearing was conducted by adding protein A sepharose beads to the same 

batch of chromatin before the immunoprecipitation step. This reduced the IgG 

background signals and gave more uniform IgG background between samples (Figure 

3.5.7) making the true signal from the histone markers clearer to analyse. Figure 3.5.6 

showed that, after allowing for this residual background (- IgG bars), H3K4me3 was 

significantly reduced upon polyIC addition in the control samples whereas no 

significant change in H3K4me3 occurred upon stimulation in cells transfected with 

PMLII siRNA. PMLII siRNA treatment also resulted in a significant decrease in 

H3K4me3 signal as compared with siControl in unstimulated control cells, suggesting 

that the reduction of PMLII may already cause a loss of H3K4me3 at the IFNb promoter 

in HeLa cells.  

 

It was concluded that this assay protocol showed it was possible to distinguish changes 

in histone markers upon the chromatin at the IFNb promoter. These studies are 

described in the following sections.  

 
Figure 3.5.7: Chromatin immunoprecipitation for H3K4me3 markers at the IFNb 

promoter after preclearing the chromatin prior to using the ChIP kit. Chromatin 
harvested from HeLa cells with or without polyIC stimulation for 4 h was precleared for 1 h 
with protein A sepharose beads then precipitated with either anti-H3K4me3 or species-
matched control IgG following the Abcam One step ChIP kit. The recovered DNA was 
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analysed by qPCR. Data are shown as % of input, which was measured on a retained sample 
of chromatin. Error bars indicate standard deviation among technical replicates of the qPCR 
reaction. ** indicates a p-value < 0.01 by one-sided t-test on H3K4me3 signal above 
background IgG signal. 
 

 

3.6 Analysing the Role of PMLII in Chromatin Changes Occurring During 

IFNb Induction 

 

Using the protocol defined with the Abcam One Step ChIP kit, along with an addition 

pre-clearing step before conducting the IP, investigations into the changes in histone 

markers at the IFNb gene were conducted. HeLa cells were transfected with control 

siRNA or PMLII siRNA for 48 h before the addition of polyIC for 4 h, to elucidate 

PMLII dependent mechanisms under both basal and stimulated conditions. Chromatin 

was then harvested from the cells, sonicated for 1 x 5 min cycle of high power with 30 

s on and 30 s off intervals. This fragmented chromatin was then put through the Abcam 

One Step ChIP kit to perform the IP, with histone-marker/histone subtype specific 

antibodies alongside species matched IgG control antibodies, and subsequent DNA 

purification. The DNA was then diluted and analysed in triplicate by SYBR green 

qPCR using primers (Primer pair 2) designed and optimised for the IFNb gene. Three 

biological repeats were conducted for each condition. 

 

 

3.6.1 Histone Markers for Active Transcription – H3K4me3 

 

H3K4me3 is a marker associated with open regions of chromatin where transcriptional 

activity is increased151 152. It was hypothesised that under polyIC stimulated conditions, 

there would be more H3K4me3 present on the histones of the IFNb gene in HeLa cells 

transfected with control siRNA than cells transfected with PMLII siRNA. This 

increase in H3K4me3 was predicted to be subdued in the PMLII siRNA transfected 

sample to reflect the reduced level of induced gene expression that is observed under 

these conditions.  

 

Figure 3.6.1 shows replicates 2 and 3 of the H3K4me3 ChIP-qPCR experiments as 

these were repeats of the experiment shown in Figure 3.5.7.  
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Figure 3.6.1: Changes in H3K4me3 at the IFNb gene due to PMLII depletion. Chromatin 
harvested from HeLa cells with or without polyIC stimulation for 4 h was precleared by 
incubation with protein A sepharose beads for 1 h and then precipitated with either anti-
H3K4me3 or species-matched control IgG using the Abcam One step ChIP kit. The recovered 
DNA was then analysed by qPCR. Data are shown as % of input, which was measured on a 
retained sample of chromatin. Error bars indicate standard deviation among technical 
replicates of the qPCR reaction. * indicates a p-value < 0.05 by one-sided t-test on H3K4me3 
signal above background IgG signal. 
 

 

The results obtained for the H3K4me3 marker in these three biological replicates were 

quite variable. Analysis of replicates 1 (Figure 3.5.6) and 2 (Figure 3.6.1) showed a 

significant decrease in H3K4me3 upon stimulation in the cells transfected with control 

siRNA and a significant reduction in the PMLII-depleted unstimulated condition 

compared to the control unstimulated condition. However, analysis of replicate 2 also 

showed a significant decrease due to PMLII depletion in unstimulated conditions. 

Analysis of replicate 3 appeared to be more anomalous with large high variance values 
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for the unstimulated PMLII siRNA transfected samples. No significant changes were 

identified, possibly due to this high variation.  

 

The data within two of the three replicates indicated a significant decrease in 

H3K4me3 at the IFNb gene in the control cells following polyIC addition suggesting 

the opposite of the expected hypothesis and that the chromatin became less 

transcriptionally active upon stimulation. Analysis of two of the three replicates also 

depicted a significant decrease between the level of H3K4me3 present in the 

unstimulated PMLII-depleted cells compared to the control siRNA HeLa cells. This 

infers that there may be a role for PMLII in maintaining H3K4me3 at the IFNb gene 

as the level of this histone marker was significantly lower when the PMLII 

concentration was also lower. Furthermore, there were also two of the three replicates 

agreeing that no significant change occurred with respect to H3K4me3 markers upon 

stimulation in the PMLII-depleted cells, which could indicate that PMLII is needed 

for the loss of H3K4me3 to occur at the IFNb gene, or this may be as a result of the 

reduced H3K4me3 in the unstimulated, PMLII-depleted cells thus making the 

reduction upon stimulation insignificant. 

 

 

3.6.2 Histone Markers for Inactive Transcription – H3K9me3 and H3K27me3 

 

H3K9me3 is a marker associated with more closed regions of chromatin where 

transcriptional activity is considered to be decreased148 153. H3K27me3 is also a histone 

marker connected to suppressed transcriptional activity and, in other genes, has been 

previously shown to be affected by level of H3K4me3, with deposition of H3K4me3 

inhibiting binding of methyltransferases, preventing the formation of H3K27me387.  

 

It was hypothesised that under stimulated conditions, there would be a reduction in 

H3K9me3 and H3K27me3 present on the IFNb gene in the control HeLa cells due to 

its activation elicited by polyIC. The impact of PMLII depletion prior to stimulation 

was predicted to alter the level of these histone markers, possibly increasing their 

presence due to the lack of gene activation as a consequence of reduced PMLII. 
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Figure 3.6.2: H3K9me3 decreased upon stimulation in both the control and PMLII-

depleted samples at the IFNb gene, while comparison of unstimulated conditions was 

inconclusive. Chromatin harvested from HeLa cells with or without polyIC stimulation for 4 
h was precleared by incubation with protein A sepharose beads for 1 h and then precipitated 
with either anti-H3K9me3 or species-matched control IgG using the Abcam One step ChIP 
kit. The recovered DNA was then analysed by qPCR. Data are shown as % of input, which 
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was measured on a retained sample of chromatin. Error bars indicate standard deviation among 
technical replicates of the qPCR reaction. * indicates a p-value < 0.05, ** a p-value < 0.01, 
*** a p-value < 0.001 by one-sided t-test on H3K9me3 signal above background IgG signal. 
 

 

As with the measurement of H3K4me3, there was variation amongst replicates of 

H3K9me3 and H3K27me3. For H3K9me3 (Figure 3.6.2), analysis of replicates 2 and 

3 showed a significant decrease occurring in the control cells following polyIC 

addition. There was also a decrease shown in replicate 1, however due to the large 

variation of this data, this change was not significant according to a t-test. Analysis of 

replicates 1 and 3 had a significant decrease in H3K9me3 markers upon stimulation of 

the PMLII-depleted cells. Upon comparison of the unstimulated conditions, with or 

without normal PMLII levels, the variation in the data proved a greater problem. 

Analysis of replicate 1 showed no significant difference, data from replicate 2 

suggested a significant decrease while analysis of replicate 3 displayed a significant 

increase. Consequently, it was impossible to draw any conclusion for this comparison.  

 

For H3K27me3, there was very little signal detected that exceeded background (IgG) 

signal in most conditions (Figure 3.6.3). In the analysis of replicate 1 and 3, there was 

some H3K27me3 signal present in the PMLII siRNA unstimulated sample, which was 

then lost upon addition of polyIC, suggesting a significant reduction of H3K27me3. 

Analysis of replicates 1 and 3 also showed a significant increase in H3K27me3 in the 

unstimulated cells transfected with PMLII siRNA compared to the unstimulated 

control cells. As there was no detectible H3K27me3 signal above background IgG in 

the control samples before or after transfection with polyIC, a comparison could not 

be made. 
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Figure 3.6.3: Changes in H3K27me3 at the IFNb gene upon stimulation and PMLII 

depletion. There was little H3K27me3 detected at the IFNb gene in any control samples, 
although a decrease in H3K27me3 was shown upon stimulation in PMLII-depleted samples, 
while comparison of unstimulated conditions suggested an increase in H3K27me3 upon 
PMLII depletion. Chromatin harvested from HeLa cells with or without polyIC stimulation 
for 4 h was precleared by incubation with protein A sepharose beads for 1 h and then 
precipitated with either anti-H3K27me3 or species-matched control IgG using the Abcam One 
step ChIP kit. The recovered DNA was then analysed by qPCR. Data are shown as % of input, 
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which was measured on a retained sample of chromatin. Error bars indicate standard deviation 
among technical replicates of the qPCR reaction. * indicates a p-value < 0.05, ** a p-value < 
0.01 by one-sided t-test on H3K4me3 signal above background IgG signal. 
 

 

3.6.3 Histone H3 Subclass Switching 

 

In addition to covalent modifications of histones to regulate transcription, research has 

revealed class switching of whole histones during activation of gene transcription. 

There are five subtype variants of histone H3 that can be found within the histone 

octamer. It has been suggested that the H3 subtype present within the octamers can be 

indicative of the transcriptional activity occurring98. 

 

H3.1 and H3.3 are two of the histone H3 subtypes. It has been shown that H3.1 is often 

enriched in regions of transcriptional repression, while at regions with high 

transcriptional activity, the H3.3 subclass is more abundant154. 

 

It was hypothesised that upon stimulation of the IFNb gene with polyIC that the H3.3 

subtype would become more prevalent as it might replace the H3.1 subtype in the 

chromatin following gene activation. 

 

Using the same sample as in sections 3.6.1 and 3.6.2, similar to the results obtained 

for H3K27me3 were seen, with the low signal for H3.3 histone subtype detected 

throughout the three biological replicates in the different conditions, all at or below 

background IgG signal (Figure 3.6.4). In the analysis of replicate 2, some H3.3 signal 

was detected in the control siRNA unstimulated samples which was then significantly 

reduced upon addition of polyIC, the opposite of what had been predicted. This larger 

signal also suggests a significant difference between the two unstimulated conditions; 

however, these results were not seen in analysis of replicates 1 and 3 so it is therefore 

not possible to conclude with any degree of certainty. Upon analysing replicates 2 and 

3 there was a small signal for H3.3 seen in the PMLII siRNA unstimulated sample; 

however no significant difference was measured upon addition of polyIC. Due to the 

small, poorly reproducible signal detected for H3.3 it is difficult to state any firm 

conclusions with respect to any changes in this histone subtype at the IFNb gene. 
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Figure 3.6.4: H3.3 histone subtype remained low and constant at the IFNb gene, on 

average, across all conditions. Chromatin harvested from HeLa cells with or without polyIC 
stimulation for 4 h was precleared by incubation with protein A sepharose beads for 1 h and 
then precipitated with either anti-H3.3 or species-matched control IgG using the Abcam One 
step ChIP kit. The recovered DNA was then analysed by qPCR. Data are shown as % of input, 
which was measured on a retained sample of chromatin. Error bars indicate standard deviation 
among technical replicates of the qPCR reaction. * indicates a p-value < 0.05, ** a p-value < 
0.01 by one-sided t-test on H3K4me3 signal above background IgG signal. 
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3.6.4 Investigating the Possible Loss of H3 Histones at the IFNb gene 

 

Due to the histone markers appearing to be reduced upon stimulation, including 

H3K4me3 which had been identified as a marker of active transcription151 that was 

therefore predicted to increase upon stimulation, it was hypothesised that this 

unexpected result could have been a consequence of a loss of histone upon stimulation. 

If there were fewer H3 histones present in the chromatin, it could appear that the 

markers were reduced in number, however, the proportion of remaining histones 

containing the marker might actually have increased. To test this, chromatin from 

replicates 1 and 2 was defrosted and a H3 total ChIP experiment was conducted. 

Replicate 3 was performed on fresh chromatin that had not previously been stored at -

20 oC or defrosted. 

 

The results displayed in Figure 3.6.5 showed that the level of H3 histone was not 

constant across all conditions. A significant difference in H3 total due to PMLII 

depletion was seen in analysis of all three replicates under unstimulated conditions, 

with the PMLII-depleted cells having a larger amount of H3 present than the control 

cells. There was very little H3 histone detected in the control siRNA samples across 

all 3 replicates, whereas there was a clear signal in H3 in the unstimulated PMLII-

depleted samples. There was no significant difference shown across the analysis of all 

three replicates when comparing the control cells before and after stimulation. There 

were, however, significant changes in detected H3 level in the PMLII-depleted cells 

upon stimulation in analysis of two of the replicates, although the direction of change 

was inconsistent: replicate 2 analysis showed a significant increase while replicate 3 

analysis displayed a significant decrease, therefore making this comparison 

inconclusive.  
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Figure 3.6.5: H3 total histone levels at the IFNb gene varied across the different 

conditions, with higher amounts shown to have been present in the unstimulated, PMLII-

depleted samples than the control unstimulated conditions. Chromatin harvested from 
HeLa cells with or without polyIC stimulation for 4 h was precleared by incubation with 
protein A sepharose beads for 1 h and then precipitated with either anti-H3 or species-matched 

*

0

0.5

1

1.5

2

c siRNA no
polyIC

c siRNA +
polyIC

PMLII siRNA no
polyIC

PMLII siRNA +
polyIC

%
 in

pu
t

IFN!– H3 Replicate 1

abcam IgG H3 H3 - IgG

***

0

2

4

6

8

10

c siRNA no
polyIC

c siRNA +
polyIC

PMLII siRNA no
polyIC

PMLII siRNA +
polyIC

%
 in

pu
t

IFN!– H3 Replicate 3

abcam IgG H3 H3 - IgG

***
***

0

0.5

1

1.5

2

2.5

c siRNA no
polyIC

c siRNA +
polyIC

PMLII siRNA no
polyIC

PMLII siRNA +
polyIC

%
 in

pu
t

IFN!– H3 Replicate 2

abcam IgG H3 H3 - IgG

*



Chapter 3: Chromatin changes during the interferon response in HeLa cells 

 83 

control IgG using the Abcam One step ChIP kit. The recovered DNA was then analysed by 
qPCR. Data are shown as % of input, which was measured on a retained sample of chromatin. 
Error bars indicate standard deviation among technical replicates of the qPCR reaction. * 
indicates the use of chromatin previously harvested, stored at -20 C and defrosted prior to the 
qPCR. * indicates a p-value < 0.05, ** a p-value < 0.01, *** a p-value < 0.001 by one-sided 
t-test on H3K4me3 signal above background IgG signal. 
 

 

3.7 Analysing the Role of PMLII in Chromatin Changes Occurring During 

ISG54 Induction  
 

To investigate whether or not the variability in the data and low signal for some histone 

markers was specific to the IFNb gene or was present in other genes induced by IFN, 

changes in chromatin marks at ISG54 were also analysed. ISG54 is a member of the 

interferon induced genes, whose transcription is strongly upregulated by IFN acting 

via the JAK/STAT pathway. Its product has anti-viral functions, with its expression 

previously shown to promote apoptosis by a mitochondrial pathway dependent on Bcl2 

proteins155. qPCR experiments were conducted on the previously harvested, HeLa cell 

ChIP DNA, to investigate the histone markers at the ISG54 gene (Figure 3.7.1). 

Samples were transfected with either control siRNA or PMLII siRNA for 48 h then 

either stimulated with polyIC for 4 h or left unstimulated. qPCR was then performed 

to assess the level of histone marker expression at the ISG54 gene. 
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Figure 3.7.1: Primers used for ChIP-qPCR experiments at ISG54. Position of the first exon 
and intron of the ISG54 are shown in addition to the transcription start site (TSS) for ISG54. The 
hybridization positions of the ChIP-qPCR primer pair is indicated by purple arrows. Chromosome 
10, nucleotides 89302046 - 89302225 are shown. 
 
 

3.7.1 Histone Markers of Activation – H3K4me3 

 

Figure 3.7.2 shows that there was some variability among biological replicates in the 

ChIP data collected for ISG54, similar to the general variation seen for the IFNb gene. 

The analysis of the chromatin within replicates 2 and 3 showed a significant decrease 

in H3K4me3 in the control cells upon polyIC addition, however the chromatin 

analysed from replicate 1 displayed a significant increase. There is however more 

background noise present in data collected in replicate 1, which may explain this 

discrepancy. A similar reduction in H3K4me3 also occurred at the IFNb gene under 

these conditions. Variation and poor reproducibility were seen in the samples from 

PMLII-depleted cells. In the analysis of replicate 1 there was little change in the 

expression of H3K4me3 at ISG54 upon stimulation, in the analysis of replicate 2 the 
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signal significantly increased, however in the analysis of replicate 3 the signal was 

significantly reduced. Due to this variation, it was not possible to draw any 

conclusions. There was similar disagreement about the direction of change for 

H3K4me3 due to PMLII depletion when comparing the unstimulated conditions: 

analysis of replicates 1 and 3 indicated a significant increase in H3K4me3 in the 

unstimulated samples due to PMLII depletion whereas analysis from replicate 2 

showed a significant decrease. Again, the poor reproducibility of these data makes it 

challenging to draw any firm conclusion about the changes in H3K4me3 occurring at 

ISG54 under PMLII-depleted conditions.  
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Figure 3.7.2: H3K4me3, on average, decreased upon stimulation in the control siRNA 

treated samples at ISG54, however this comparison was inconclusive for the PMLII-

depleted cells, although levels of H3K4me3 in unstimulated conditions, on average, 

increased when the PMLII was depleted. Chromatin harvested from HeLa cells with or 
without polyIC stimulation for 4 h was precleared by incubation with protein A sepharose 
beads for 1 h and then precipitated with either anti-H3K4me3 or species-matched control IgG 
using the Abcam One step ChIP kit. The recovered DNA was then analysed by qPCR. Data 
are shown as % of input, which was measured on a retained sample of chromatin. Error bars 
indicate standard deviation among technical replicates of the qPCR reaction. 
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3.7.2 Histone Markers of Inactivation – H3K9me3 and H3K27me3 

 

ChIP investigations into the markers associated with transcriptionally inactive regions 

of chromatin, H3K9me3 and H3K27me3, were also conducted to see if a reduction in 

these markers occurred upon stimulation indicative of increased transcription, and to 

investigate if PMLII had a role in regulating this. 

 
Figure 3.7.3: H3K9me3 level remained constant upon stimulation in the control cells at 

ISG54, however, on average, H3K9me3 reduced in the PMLII-depleted cells, with an 

increase in H3K9me3 seen, on average, in the unstimulated PMLII-depleted cells relative 

to the unstimulated control cells. Chromatin harvested from HeLa cells with or without 
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polyIC stimulation for 4 h was precleared by incubation with protein A sepharose beads for 1 
h and then precipitated with either anti-H3K4me3 or species-matched control IgG using the 
Abcam One step ChIP kit. The recovered DNA was then analysed by qPCR. Data are shown 
as % of input, which was measured on a retained sample of chromatin. Error bars indicate 
standard deviation among technical replicates of the qPCR reaction. 
 

 

With regards to H3K9me3, control siRNA samples did not show any substantial 

change in H3K9me3 at ISG54 following stimulation (Figure 3.7.3) in the analysis of 

replicates 1 and 3, although there was a significant decrease in the analysis of replicate 

2. Data analysed in replicate 2 was also different in the analysis of the PMLII-depleted 

cells following stimulation, showing a significant increase whereas the analysis for 

replicates 1 and 3 displayed a significant decrease in H3K9me3 at ISG54 following 

polyIC addition. 

 

Comparison of the unstimulated conditions also showed some variation, with the 

analysis of replicates 1 and 3 suggesting the unstimulated PMLII siRNA transfected 

cells had significantly more H3K9me3 than the unstimulated controls cells while 

analysis of replicate 2, again, displayed the opposite result. The variation seen between 

biological replicates makes it impossible to draw clear conclusions about changes in 

H3K9me3 at ISG54 due to either PMLII-depletion or polyIC stimulation. 

 

At ISG54, there was slightly more signal detected for H3K27me3 than at the IFNb 

gene, however some conditions still gave no signal greater than the background IgG 

level (Figure 3.7.4). Again, there were problems with poor reproducibility between 

biological replicates. Analysis of replicate 1 suggested that H3K27me3 significantly 

increased upon addition of polyIC in the control cells, however, analysis of replicates 

2 and 3 displayed a significant decrease. Similar inconsistencies occurred when 

comparing the unstimulated control cells and the unstimulated PMLII-depleted cells. 

Here analysis of replicates 1 and 3 showed a significant increase due to PMLII 

depletion while analysis of replicate 2 indicated a significant decrease. As a result of 

the poor reproducibility observed between biological replicates, it is difficult to draw 

a firm conclusion for H3K27me3 at ISG54. 
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Figure 3.7.4: H3K27me3, on average, decreased at ISG54 upon stimulation in the control 

cells, with no change occurring, on average, for the PMLII-depleted cells, upon 

comparison of the unstimulated conditions however, an average increase was seen in the 

PMLII-depleted cells. Chromatin harvested from HeLa cells with or without polyIC 
stimulation for 4 h was precleared by incubation with protein A sepharose beads for 1 h and 
then precipitated with either anti-H3K4me3 or species-matched control IgG using the Abcam 
One step ChIP kit. The recovered DNA was then analysed by qPCR. Data are shown as % of 
input, which was measured on a retained sample of chromatin. Error bars indicate standard 
deviation among technical replicates of the qPCR reaction. 
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3.7.3 Histone H3 Subclass Switching 

 

In addition to covalent histone markers, the exchanging of the H3 histone subclass to 

H3.3 was also assessed at ISG54 to investigate the presence of this histone indicative 

of increased transcriptional activity.  

 

There was a greater signal for H3.3 detected at ISG54 (Figure 3.7.5) compared to 

matching data collected for the IFNb gene (Figure 3.6.4). For ISG54 the signal was 

between 1 and 2% of input and was always greater than the background IgG signal 

whereas for the IFNb gene only a few conditions produced a H3.3 signal greater than 

the background.  

 

Upon analysing all three biological replicates, there was a significant decrease in H3.3 

in control cells following polyIC stimulation. For the PMLII-depleted cells the data 

were more varied again: analysis of replicate 1 indicated no change in H3.3, analysis 

of replicate 2 displayed a significant increase and analysis of replicate 3 shows a 

significant decrease upon stimulation. This was not in line with original predictions 

and could be a consequence of histones being lost. This inconsistency in the data 

prevents conclusions being drawn with regards to the presence of H3.3 in the PMLII 

siRNA transfected HeLa cells.  
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Figure 3.7.5: The level of H3.3 histone at ISG54 decreased upon stimulation in the control 

cells, however the result was inconclusive for the PMLII-depleted samples, with no 

significant difference between the unstimulated conditions identified on average. 
Chromatin harvested from HeLa cells with or without polyIC stimulation for 4 h was 
precleared by incubation with protein A sepharose beads for 1 h and then precipitated with 
either anti-H3.3 or species-matched control IgG using the Abcam One step ChIP kit. The 
recovered DNA was then analysed by qPCR. Data are shown as % of input, which was 
measured on a retained sample of chromatin. Error bars indicate standard deviation among 
technical replicates of the qPCR reaction. 
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3.7.4 Investigating the Possible Loss of H3 Histones at ISG54 

 

To investigate the cause of H3.3 and H3K4me3 reduction at ISG54 upon stimulation 

in the control siRNA transfected cells, despite these putatively being more associated 

with active regions of chromatin, total H3 at ISG54 was analysed by further ChIP 

experiments. If there were a reduction in H3 total upon polyIC addition, this could 

offer an explanation for the reduction seen in H3.3 and H3K4me3. As for the analysis 

of the IFNb gene, the chromatin used in replicate 1 and replicate 2 was harvested in 

previous ChIP experiment, stored at -20 oC and defrosted prior to this qPCR, but the 

chromatin used for replicate 3 was fresh and not previously stored. 

 

The outcome of the H3 total ChIP experiment is shown in Figure 3.7.6. Similar to the 

general variation in the H3 total results obtained at the IFNb gene, the level of H3 

expression was not consistent across all conditions. Analysis of replicates 1 and 3 

indicated a significant decrease in H3 total in the control cells following stimulation, 

however analysis of replicate 2 showed a significant increase. Analysis of two of the 

three replicates suggested a significant decrease in H3 was also occurring in the PMLII 

siRNA transfected cells upon polyIC addition. The analysis of two replicates also 

indicated that there was significantly more H3 present on ISG54 in the unstimulated 

PMLII-depleted cells compared to the control cells. Again, there were problems with 

the reproducibility of the results, although it does appear that the level of H3 at ISG54 

promoter does not remain constant across all the conditions. 

 

For some conditions within each replicate, there was a low level of H3 detected at 

ISG54, a lower fraction of input than that of H3K4me3 and/or H3K9me3. This should 

not be possible as H3K4me3 and H3K9me3 marks are specific modifications of H3 

histone. This makes it difficult to interpret the H3 total antibody ChIP qPCR results.  
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Figure 3.7.6: The amount of H3 present at ISG54 varied across different conditions, with 

a decrease in H3 seen upon stimulation in both control and PMLII-depleted samples, 

with a significant increase in H3 also occurring upon PMLII depletion in the 

unstimulated conditions relative to the control sample. Chromatin harvested from HeLa 
cells with or without polyIC stimulation for 4 h was precleared by incubation with protein A 
sepharose beads for 1 h and then precipitated with either anti-H3 or species-matched control 
IgG using the Abcam One step ChIP kit. The recovered DNA was then analysed by qPCR. 
Data are shown as % of input, which was measured on a retained sample of chromatin. Error 
bars indicate standard deviation among technical replicates of the qPCR reaction. * indicates 
the use of chromatin previously harvested, stored at -20 C and defrosted prior to the qPCR. 
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3.8 Discussion 

 

3.8.1 Optimisation of the Chromatin Immunoprecipitation Protocol 

 

Having validated methodologies for PMLII depletion and for stimulation of the IFNb 

and ISG54 expression and having confirmed the published result that PMLII depletion 

impairs that stimulation, the goal of this chapter was to examine changes in histone 

marks that might be occurring during this induction by polyIC, to test the hypothesis 

that PMLII depletion affects induction by preventing or altering changes to these 

histone markers that are linked with gene activation. Initially, it was necessary to 

establish a robust protocol for gene-specific ChIP.  

 

Various changes to the methodology were tried and tested throughout the optimization 

of the ChIP protocol to try to overcome the problem of poor technical replication of 

Ct values. Reducing the sonication from 45 min to 5 min increased the DNA fragment 

length from suboptimal < 100 bp to a more optimal > 100 bp150. The increased 

fragment size improved the probability of the amplicon of interest still being intact for 

the qPCR, however, increasing the DNA fragment length to 500 – 1000 bp may further 

improve this. Using the previous conditions of 45 min, producing fragments of less 

than 100 bp, which would have reduced the likelihood of having whole amplicons 

present for the qPCR analysis.  

 

Testing different reagents to precipitate the DNA and changing from the use of 

glycogen to pellet paint notably improved the protocol. Glycogen has previously been 

shown to detrimentally impact the samples156 and cause artificial alterations to the Ct 

values obtained during the qPCR, interfering with the qPCR analysis. The introduction 

of pellet paint also reduced pellet loss during washing and handling steps of the 

protocol. This was reflected in the qPCR Ct values no longer displaying “No Ct” for 

all triplicate determinations for a sample enabling more quantification of chromatin 

and histone markers. After changing to the Abcam ChIP kit, there was no longer the 

requirement for DNA pelleting in this way as this process was incorporated into the 

kit protocol.  
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Despite testing different machines and fresh reagents, it was still not possible to 

identify the source or reduce the intra-triplicate variation arising in the qPCR results. 

Fortunately, introducing the Abcam ChIP kit improved this issue. The kit reduced the 

number of stages in the protocol and the amount of DNA handling, this may have 

resulted in less opportunity for entire DNA pellets to be lost or for samples to 

potentially become contaminated therefore helping improve the qPCR results.  

 

 

3.8.2 Improving qPCR Product Purity and Reducing Background Signal 

 

Changing the IFNb qPCR primers from primer pair 1 to primer pair 2, improved the 

qPCR product purity, since they only yielded one product. This suggests that the new 

primers were not able to bind to undesired regions or synthesise alternative DNA 

fragments by mis-priming.  

 

Following the initial experiment using the Abcam ChIP kit, there was a high level of 

IgG background signal detected. Troubleshooting this problem suggested introducing 

a pre-clearing step157, despite there being no mention of one in the protocol. A 1 h 

incubation of the chromatin with protein A sepharose beads was performed prior to 

the ChIP stage to remove anything that was binding to the beads directly, in the 

absence of the antibodies. This additional preclearing greatly reduced the background 

in most samples, and made the remaining background more uniform among samples 

in an experiment, reducing the variance of the qPCR data obtained and enables 

quantification of more samples.  

 

 

3.8.3 Changes in Histone Markers Were Impacted by the Depletion of PMLII 

at Both the IFNb Gene and ISG54 

 

In uninfected cells, the IFNb gene is constitutively repressed, however, upon viral 

infection the gene is transiently activated119. Through ChIP assays it has been shown 

that in vivo there is a direct correlation between the level of acetylation at histone H4 

and the transcriptional activity of the IFNb promoter region119. A study conducted by 
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Shestakova et al. revealed that while repressed, the IFNb promoter region was 

hypoacetylated, leading to silencing of the IFNb genes. Upon inhibition of the histone 

deacetylase with trichostatin A, there was hyperacetylation of histone H4 at the IFNb 

promoter, leading to increased IFN levels that conferred an antiviral state in the 

fibroblast L929 cells used. Further to these acetylation modifications found in the 

IFNb promoter site, studies have elucidated methylations occurring on a subset of 

lysine residues on histones H3 and H4 during activation of gene transcription158. 

 

 

H3K4me3 

 

As gene activation was shown to occur strongly in control siRNA samples and to a 

lesser degree in PMLII siRNA transfected samples in preliminary experiments, it was 

hypothesised that there would be a larger increase in the H3K4me3 markers to reflect 

this greater activation of the IFNß gene and ISG54 transcription in the control 

conditions, and possibly a smaller or absent increase in the samples with depleted 

levels of PMLII due to reduced transcription factor binding efficiency.  

 

The data collected from these ChIP experiments for H3K4me3 indicated a significant 

loss of H3K4me3 in the control cells upon stimulation with polyIC at both the IFNß 

gene and ISG54. This was contrary to the anticipated increase that is reported to be 

associated with gene activation76. In comparison, PMLII-depleted cells showed no 

significant difference in H3K4me3 upon stimulation at the IFNß gene, and varied, 

inconclusive results were obtained for ISG54. These results suggested that there may 

be a role for PMLII in causing a reduction in H3K4me3 at the IFNß gene when its 

activity is induced, however an involvement for PMLII at ISG54 upon stimulation 

remains unclear.  

 

One possible explanation for the reduction in H3K4me3 upon stimulation seen at the 

IFNß gene, comes from a study by Howe et al in 201788. Here, it was shown that, in a 

small subset of genes, H3K4me3 was suppressing transcription as a result of 

H3K4me3 being able to recruit factors associated with both transcriptional activation 

and repression. This therefore suggests a more complex system for the involvement of 
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H3K4me3 in IFNß gene expression, indicating a possible role of other factors such 

histone acetyltransferases and deacetylases to alter the chromatin structure88. For 

example, CBP is a histone acetyltransferase known to have reduced recruitment upon 

PMLII depletion73 confirming interactions between PMLII and chromatin modifying 

enzymes. 

 

One other possibility is that the loss of H3K4me3 at the IFNß gene upon stimulation 

may have been a result of a general loss of H3 from the chromatin, thus appearing as 

a reduced signal for any H3-associated marks. The loss of H3 was seen upon 

stimulation in the ChIP experiments of the IFNß gene, but not at ISG54. However, H3 

loss is normally associated with aging159 rather than gene activation.  

 

There was a significant difference in the presence of H3K4me3 in unstimulated cells 

depleted of PMLII compared to unstimulated control cells. The direction of change 

was however contrasting between the two genes investigated. At the IFNß gene, there 

was a significant decrease in H3K4me3 histone markers in PMLII-depleted samples, 

whereas ISG54 displayed a significant increase in this histone marker in cells with 

reduced PMLII. These changes already impact the level of H3K4me3 present on the 

gene and therefore may preclude observing any subsequent changes upon stimulation 

with polyIC. These results do however suggest that there may be a process that requires 

PMLII in regulating the amount of H3K4me3 present on a gene, although this 

regulation may vary between different genes or fluctuate. This role of maintaining the 

level of H3K4me3 prior to stimulation, may offer an explanation as to how PMLII 

contributes to recruitment of histone modifying enzymes such as CBP. 

 

The finding that PMLII could enable the H3K4me3 modification at the IFNß gene in 

unstimulated cells is interesting. It has been suggested, as a result of genome-wide 

studies88, that H3K4me3 may be more important for instructing transcription and 

playing a role in transcriptional memory of previous states. It has been shown that 

some genes, such as the gene DRA, are relocated to PML nuclear bodies upon 

induction with IFNγ, resulting in high promoter level of H3K4me2160. It is thought 

that this higher H3K4me2 presence at the promoter, facilitates a rapid expression of 

the H3K4me3 upon a second stimulation to activate the genes quickly. It may be that 

the PMLII-depleted cells, have a reduced ability for genes to become primed for 
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transcription in this way and therefore resulted in the reduced H3K4me3 presence on 

the IFNß gene prior to stimulation. This explanation, however, does not fit with the 

data obtained for ISG54 which conversely displayed, on average, an increase in 

H3K4me3 in cells with depleted PMLII relative to the control cells prior to 

stimulation. So therefore, this transcriptional memory may be generated and regulated 

through different mechanisms which vary between different genes. 

 

 

H3K9me3 

 

As a marker of transcriptional inactivity, H3K9me3 expression was expected to 

decrease following addition of polyIC to the HeLa cells. The polyIC would have bound 

to a PRR and activated the innate immune response, increasing transcription resulting 

in a reduction of H3K9me3 at the IFNß gene and ISG54. 

 

The data for H3K9me3 suggests that control cells and PMLII-depleted cells displayed 

a reduction in this marker at the IFNß gene upon addition of polyIC. At ISG54, a 

decrease in H3K9me3 was only seen in the PMLII-depleted cells, with no significant 

change in this histone marker identified post-stimulation for the control cells. The fold 

decreases were greater in PMLII-depleted cells than in the control cells following 

stimulation with polyIC. These results were not in line with the original hypothesis 

predicting that the reduction of H3K9me3 upon stimulation would be impaired in 

samples transfected with PMLII siRNA, due to supressed activation of the innate 

immune response as a result of weakened transcription factor binding73.  

 

Although a reduction of H3K9me3 after stimulation could be explained as a result of 

increased transcriptional activity at the IFNß gene and ISG54, if the concomitant 

reduction in signal for H3K4me3 is possibly explained by a reduction seen in total H3 

on the DNA, this may also be responsible for this reduction in H3K9me3 seen at the 

IFNß gene. 

 

The difference between the unstimulated conditions was inconclusive at the IFNß gene 

due to poor replicate reproducibility, however the data for ISG54 suggests an increase 

in H3K9me3 in the PMLII-depleted cells. This again was not in line with predicted 
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outcomes. Some PML isoforms and PML-NBs have also been shown to interact with 

the methyltransferase SETDB183, which is responsible for adding the final methyl 

group on to H3K9me2. Therefore, it was hypothesised that the reduction of PMLII 

would alter the regulation of histone methyltransferases such as SETDB1 and results 

in less H3K9me3 to be present at the IFNß gene and ISG54 in PMLII-depleted cell 

prior to stimulation too. The results did not support this hypothesis since there was 

more H3K9me3 present in the unstimulated, PMLII-depleted cells too. 

 

The data collected was variable amongst the biological replicates for both the IFNß 

gene and ISG54. Although tenuous conclusions have been drawn based upon two out 

of three replicate analyses stating the same result, the pair of agreeing replicates often 

varies across each comparison. Few replicates display the same pattern of H3K9me3 

signal across all 4 conditions introducing uncertainty in the conclusions made from 

this data. 

 

 

H3K27me3 

 

The ChIP-qPCR data for H3K27me3 at the IFNß gene showed very low levels of 

expression for this marker, with only unstimulated PMLII-depleted cells showing any 

signal above the background IgG. This suggested that very little H3K27me3 was 

present at the IFNß gene. A similar result was seen for ISG54, with the signal detected 

for this histone marker at less than 1% of input across all conditions of the three 

triplicates. However, at ISG54, there were only three samples that did not produce 

signal above the background IgG level.  

 

The level of H3K27me3 in the control cells upon stimulation showed no change at the 

IFNß gene, although this may be due to the absence of any signal detected in the 

control samples. There was however, a significant reduction in H3K27me3 in the 

PMLII-depleted cells once stimulated. This may suggest that PMLII is playing a role 

in the presence of H3K27me3 but, because the signal is so small and similar to levels 

of background signal variation, it is very difficult to draw a conclusion from these 

comparisons and the perceived variation may be a consequence of little to no 

expression of this histone marker at the IFNß gene. 
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At ISG54 following stimulation of the control cells, a significant decrease in 

H3K27me3 was identified. This was an expected result, reflecting the activation of 

ISG54 by polyIC and an increase in gene transcription. With respect to the PMLII-

depleted cells, there was no significant difference, between the stimulated and 

unstimulated samples. This result may suggest a possible involvement of PMLII in the 

reduction in H3K27me3 as no significant changes occurred in the cells with depleted 

PMLII levels. 

 

The literature suggests that, in some genes, there is an inverse connection between 

levels of H3K27me3 and H3K4me387. It has been shown that these histone markers 

are able to inhibit one another with H3K4me3 allosterically inhibiting the histone 

methyltransferase activity of polycomb repressive complex 2 (PRC2), preventing it 

from methylating H3K27 and impairing the repression of transcription, leading to 

transcriptional activation87. This may offer an explanation for the reduction in 

H3K27me3 at ISG54 upon stimulation of the control cells and be a PMLII dependent 

process at this gene as it is lost in the PMLII-depleted cells.   

 

On average, both the IFNß gene and ISG54 showed an increase in H3K27me3 when 

PMLII was depleted in the unstimulated conditions. This supports a hypothesis that 

PMLII is involved in repressing the H3K27me3 from occurring as, once it is depleted 

from the cell, more H3K27me3 is detected. However, the original hypothesis predicted 

the opposite as loss of PMLII would reduce transcription factor binding at ISG54 and 

lead to less transcription of the gene thus culminating in a larger presence of inactive 

transcription markers such as H3K27me3. This therefore disproves the original 

hypothesis and highlight the complex mechanisms involved in regulating histone 

markers and the dynamic role of PMLII.  

 

These tenuous conclusions for H3K27me3 at ISG54 have again been formed based 

upon two of the three replicates identifying the same result. Similar to the results for 

H3K9me3, the pairs that concur on a result do vary between comparison, with no two 

biological replicates showing the same pattern of signal across all conditions. This 

introduces some uncertainty into the conclusions made from this data. While the 

results obtained for the IFNß gene show a more reproducible pattern, the lack of 
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substantial signal above background variation, possible due to low presence of 

H3K27me3 at this gene, also makes it difficult to draw firm conclusions. 

 

 

Histone Subclass Switching 

 

In addition to the presence of covalent modifications of histones regulating 

transcription, research has revealed class switching of whole histones during activation 

of gene transcription. There are five variants of the H3 histone protein with the main 

two being H3.1 and H3.3. It has been shown that H3.1 is often enriched in regions of 

transcriptional repression and, at regions with high transcriptional activity, the H3.3 

class is more abundant98. 

 

It is believed that there is an important role for the PML protein in enabling this class 

switching from H3.1 to H3.3 to occur115. This function is brought about through 

interactions of the PML protein with the death-associated protein 6 (DAXX) at 

SUMOylated sites on PML in PML-NBs114. DAXX has also been shown to regulate 

transcription and interacts with numerous transcription factors and histone deacetylase 

enzymes113. PML opposes deposition of the H3.3 histone variant by DAXX in 

heterochromatic PML-associated domains (PADs). This was shown by Delbarre et al. 

in 2017 as loss of PML altered the chromatin composition within the PADs, both by 

shifting the histone modifications more towards repressive H3K27me3 markers but 

also by increasing the deposition of H3.3 by DAXX115. The effect of histone class 

switching, from the repressive marker H3.1 to H3.3, was believed to be a marker of 

active transcription. However, it has now been suggested that the H3.3 histone can be 

deposited in heterochromatic regions of chromatin161,99, therefore bringing into 

question the status of H3.3 as a marker of active gene transcription. Consequently, this 

area of histone class switching needs to be reassessed. The interaction of histone 

chaperone proteins, such as DAXX, and PMLII must also be reconsidered with this 

new hypothesis in mind, as the regulatory relationship between these two proteins may 

help develop the mechanisms by which H3.3 is being deposited into regions of the 

chromatin. 
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H3.3 

 

The ChIP analysis conducted at the IFNß gene to assess the expression of H3.3 was 

inconclusive due to very low levels of H3.3 being detected. It was predicted that there 

may be an increase in H3.3 following stimulation indicative of increased 

transcriptional activity at the IFNß gene; whether or not the reduced level of PMLII 

would have an impact on this was unknown. However, in all conditions, the amount 

of H3.3 detected was less than 1% of input. This may suggest that the majority of the 

chromatin in the IFNß gene comprised of other H3 subtypes, which would primarily 

be H3.1, and infers the presence of transcriptionally inactive closed chromatin if the 

theory of H3.3 as an active gene marker is correct.  

 

In all triplicates, only one unstimulated sample with control siRNA and one 

unstimulated sample with PMLII siRNA showed any signal above background level. 

An explanation for this reduced signal may have been a result of poor IP of H3.3 rather 

than a low expression level of H3.3 at the IFNß gene. Consequently, it is difficult to 

interpret the data or draw firm conclusions from this data with respect to the presence 

of H3.3 at the IFNß gene. 

 

The ChIP-qPCR signal for H3.3 at ISG54 was slightly greater than the expression 

detected at the IFNß gene. All samples showed a level above background, although 

the signal is also quite low in comparison to other histone markers analysed such as 

H3K27me3. The analysis from all three replicates showed that H3.3 at ISG54 

significantly decreased in control siRNA conditions upon stimulation; the opposite of 

the predicted outcome as this infers a decrease in transcriptional activity. 

Unfortunately, results for the samples transfected with PMLII siRNA are variable at 

ISG54 as they were for the IFNß gene. The variation shown also makes it difficult to 

conclude the direction of change for H3.3 upon stimulation in low PMLII 

concentrations at ISG54. The level of H3.3 at ISG54 in unstimulated conditions did 

not significantly differ, on average, suggesting that PMLII is not involved in regulating 

H3.3 expression in the absence of stimulation. However, the poor reproducibility in 

the data brings uncertainty into any conclusions made about the unstimulated 

conditions. 
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H3 total 

 

To investigate the hypothesis that the reductions in signal occurring for H3K4me3 and 

H3K9me3 upon induction may have been a consequence of a loss of histones from the 

chromatin, the amount of H3 total at the promoter in each sample was tested.  

 

The experiments assessing H3 total, at both the IFNß gene and ISG54, were carried 

out after analysis of the original ChIP data for replicates 1 and 2, therefore the 

chromatin had previously been stored at -20 oC and then defrosted prior to the ChIP-

qPCR. This did not appear to impact the presence of H3 histones in the chromatin, 

with H3 signal still identified in these thawed samples. The third replicate for both 

genes was conducted on fresh chromatin at the same time as other histone markers and 

H3.3 were investigated. It was predicted that the total amount of H3 should remain 

constant across all conditions representing the same number of nucleosomes present 

on the genes in each sample. However, this was not seen. No significant change in H3 

was identified at the IFNß gene upon stimulation in cells transfected with control 

siRNA. The impact of stimulation on PMLII-depleted cells was however inconclusive, 

due to large variation between the analysis of the replicates, although the data does 

suggest that the level of H3 is not constant at the IFNß gene. Upon transfection with 

PMLII siRNA in the unstimulated cells, an increase in H3 total was seen at the IFNß 

gene, compared to the control samples. Again, due to the large amount of variation 

present between replicates for the ChIP experiments at the IFNß gene, no significant 

conclusions can be drawn.  

 

The fact the IFNß gene contains a nucleosome-free region may be introducing 

technical issues with histone loss during chromatin harvesting, but this feature also 

may introduce structural instabilities in the desired amplicon. It may be hypothesised 

that during the sonication, this nucleosome free region may be more susceptible to 

fragmentation during the sonication and, therefore reduce the detectable signal for the 

qPCR, especially when the gene is in an open transcriptionally active state. This may 

explain the low signals and variation problems seen in this data because, ChIP 

experiments that have previously been conducted at the IFNß gene assessing the 

presence of transcription factors73, have not shown these issues. Consequently, H3 

presence at ISG54 was also investigated to try and identify if this was a true feature of 
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the IFNß gene upon activation, or if it was due to these flaws in the methodology. 

ISG54 also showed changes to the amount of H3 present between samples, with a 

reduction in this histone occurring upon stimulation of both the control and PMLII-

depleted cells. This suggests that the loss of H3 is not a PMLII dependent mechanism, 

but a result of gene activation. There was also an increase in H3 depicted upon PMLII 

siRNA transfection of unstimulated cells compared to the control samples, as seen 

with the IFNß gene. The differences in H3 level in each sample might account for 

some of the changes seen in histone marks that were observed previously. Whether 

this variation in H3 is problematic is debatable. It could be argued that it is not the 

absolute amount of H3 that is important, but the proportion of the H3 histone that is 

identified as positively containing the histone mark of interest that is more informative.  

 

A loss of histones from chromatin is considered a hallmark of ageing159 and has been 

connected to telomeric DNA damage162. It has been shown in many cell lines, that as 

cells age the telomeres shorten and there is a reduction in H3/H4 histones. There is 

also evidence that loss of histones does not occur equally across the whole genome 

and in fact, when the number of histones is being reduced, the loss begins in regions 

with fewer histone initially, rather than in areas of DNA enriched with histones163. The 

IFNß enhancer region has been documented as a nucleosome free region flanked by 

two nucleosomes116 and therefore may be an area more prone to loss of histones. The 

nucleosome structure of ISG54 is unknown presently, but from the loss of H3 signal 

seen in this ChIP-qPCR data, it may infer regions of with few histones present. 

 

Recent research also investigated IFN-mediated nucleosome dynamics at a set of 20 

ISGs123 and surveyed nucleosome occupancy following 2, 6 and 10 h of IFN 

stimulation using a direct selection micrococcal nuclease method. They assessed 

ISG54 and found that after 2 h of IFNa there was nucleosome loss at ISGF3-ISRE 

proximal regions compared with mock conditions. This may offer an explanation as to 

why the signal for H3 total was not constant across all samples, especially with regards 

to the PMLII siRNA transfected cells upon stimulation. 

 

Previous studies within the Leppard lab group have also connected PML with the 

SWI/SNF complex131, a nucleosome remodelling complex which, through ATPase 

activity, can destabilise DNA-histone interactions164. The investigations showed a 



Chapter 3: Chromatin changes during the interferon response in HeLa cells 

 105 

physical and functional connection between PMLII and the SWI/SNF complex, 

revealing that residues 645-665 in the C-terminus of PMLII were critical for the 

interaction to occur. It was shown that depletion of PMLII also impaired ISG promoter 

binding by the SWI/SNF complex. As the SWI/SNF complex is known to aid with the 

removal of histones164, the reduction in PMLII brought about by the transfection of 

PMLII siRNA, may have impaired SWI/SNF binding to ISG54 and thus prevent the 

loss of histones in these cells. This may be one possible explanation as to why the 

levels of histone H3 was higher in some of the PMLII KD samples compared to the 

control siRNA transfected samples.  

 

A further complication arising from this H3 ChIP data is that the level of H3 detected 

often lower than expected in some conditions, as H3K4me3 and H3K9me3 showed a 

greater signal than the total H3 signal measured in these ChIP-qPCR experiments. As 

H3K4me3 and H3K9me3 markers are only present on the H3 histone, it is not possible 

for the total H3 signal to be smaller than these individual histone markers. One 

explanation is that there may have been a reduced efficiency in the antibody kinetics 

for the precipitation of H3 compared to H3K4me3 or H3K9me3 making the signal 

appear less than that seen with the histone markers. Another possibility to explain this 

discrepancy, is that the antibody concentration was far from excess when measuring 

the total H3 signal at these genes. Instead of detecting all of the H3 that was present 

and generating a larger signal, only a proportion of the total H3 signal might have been 

identified and thus an under-representative amount of signal was seen.  

 

The exact reason as to why the expression of H3 total was so low and varied between 

the replicates is unclear. However, due to these disparities in the data and dissimilar 

patterns displayed, firm conclusions about the amount of H3 present at the IFNß gene 

are limited. One clear outcome was that the level of H3 was not remaining constant 

across all conditions. 

 

To investigate this loss of H3 in HeLa cells upon activation for future experiments, it 

would be necessary to investigate other regions of the chromatin that are not affected 

by the polyIC stimulus. This would show if other genes also experienced a loss of H3 

and help to identify if the origin of this histone loss was from the methodology or if 

this was in fact a characteristic of the IFNß gene and ISG54 when activated. 
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3.8.4 Conclusions 

 

Work in this chapter aimed to investigate changes occurring in the chromatin structure 

at two representative genes involved in the IFN response, with regards to histone post-

translational modifications and histone subclass switching. These were examined in 

the presence and absence of PMLII to try and identify PMLII specific functions that 

might account for the observed dependence on PMLII of the level of expression 

observed from these genes. An optimised ChIP-qPCR protocol was developed 

successfully to conduct these experiments. Unfortunately, the data collected from the 

ChIP experiments, displayed a large amount of variability between each of the 

triplicates making it difficult to draw conclusions. This may have been due to 

challenges with biological reproducibility or as a consequence of histone markers 

being part of a more complicated, dynamic system which requires histone modifying 

enzymes and pre-existing histone markers to alter transcription, and therefore the 

variation is a reflection of this complexity. There is an inherent variation in the 

immunoprecipitation step of a ChIP experiment, and therefore, it is not possible to 

combine biological replicates as the efficiency of precipitation may not be identical in 

each experiment. This can explain some of the variation seen in the data and can be 

caused by a number of reasons including variable quality of the chromatin in one 

biological replicate compared to another, differences in the extent of sonication 

fragmentation and the use of different antibody batches. Thus, while it is fair to 

compare signals from different conditions within the same experiment, doing so across 

different biological replicates is problematic. There is no scaling factor that can be 

inferred that will allow for these differences to be accounted for and removed from the 

data.  

 

It is also possible that the use of HeLa cells, a very mutated cancer cell line, may have 

variable molecular dynamics amongst cells. Although a common laboratory cell line 

utilised for decades, HeLa cells do have many flaws and limitations165. HeLa cells can 

show a high variability in genomic stability and gene expression166 which is not 

conducive to obtaining reliable, reproducible data.  

 

In addition to this, the requirement for transfection with siRNA to reduce PMLII was 

another source of possible variability between the replicates. Although knockdown of 
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PMLII was always occurring in the HeLa cells, the extent of knockdown was not 

identical across each experiment. If the siRNA transfection had worked particularly 

well in one dish of cells, the effect of reduced PMLII would be clearer than if the 

knockdown was more subdued. If the role of PMLII is only a subtle change, not having 

a large or complete knockdown of the protein might make it impossible to identify any 

difference from the control samples.  

 

To try and improve on the data obtained in this chapter, it is recommended to 

investigate a cell line that is more representative of normal human cells, to eliminate 

the variability potentially caused by using highly mutated cancer cell lines such as 

HeLa cells. Moreover, the use of a genetically null PMLII KO cell line for comparison 

would give a constant level of PMLII expression across the KO samples and eliminate 

this source of variation too. 
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4  Chromatin changes during the interferon response in BJ5ta cells 

 

4.1 Introduction  

 

In chapter 3 changes in chromatin at interferon-pathway genes were examined during 

a response to polyIC using HeLa cells and transient PMLII knockdown. The data 

however concluded that the cell line and use of siRNA may have resulted in the 

biological system being too variable. To improve on this, work in this chapter 

investigates the changes that occur in immortal human foreskin fibroblast cells, BJ5ta, 

at the chromatin level upon stimulation with IFNa. In an attempt to elucidate any 

PMLII dependent mechanisms, these experiments were conducted in the presence and 

absence of PMLII by comparing cells with a PMLII CRISPR-Cas9 targeted gene 

knockout BJ5ta mutant cell line167 (Figure 4.1.1). This system offers many advantages. 

The BJ5ta cells are much closer to normal human cells than the mutated, cancerous 

HeLa cells, making the results more clinically relevant, therefore any roles identified 

for PMLII in the BJ5ta, hTERT immortalised fibroblasts are more likely to translate 

into in vivo roles than functions found in HeLa cells. The use of this system also 

enables matched PMLII KO cells to be used, eliminating the need for siRNA and 

removing a potential source of variability in PMLII expression between samples. 

 
Figure 4.1.1: Mechanism of CRISPR-Cas9 targeted gene knockout for PMLII in the 

BJ5ta fibroblast cells167. The blue bar represents exon 7b of the PMLII gene. The red bar 
represents the site within PML exon 7b targeted by CRISPR. The yellow GGT highlights the 
location of the Protospacer Adjacent Motif site (PAM) which is directly downstream of the 
target sequence and required for Cas9 cleavage. Splice acceptor sites (SA) for PMLIII are also 
labelled. 
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The PMLII KO cell line was generated with a 1 and 2 nucleotide insertion in exon 7b 

of the PMLII gene, whereby one allele had a single extra base, while the second allele 

had 2 extra nucleotides. Previous work in the lab used immunoblotting with a PML 

antibody, to detect all isoforms, to reveal no obvious difference in the pattern of PML 

banding between the parental and PMLII knockout cell lines, therefore illustrating that 

the CRISPR had not generated any undesired effects on the PML isoform expression. 

There were however some biological differences apparent while growing the WT and 

PMLII KO BJ5ta cells. These preliminary observations included a slower rate of cell 

division for the KO BJ5ta calls and a greater sensitivity to cell culture reagents such 

as trypsin. 

 

ChIP assays were used to determine the presence of histone markers at individual 

ISGs, ISG54 and ISG56, in the presence and absence of IFNa stimulation in the 

PMLII-CRISPR KO cell line. Markers of transcriptional activation including 

H3K4me3151 and H3.3 subclass154 were assessed in addition to markers of 

transcriptional repression such as H3K9me3153, H3K27me387. 

 

To enable a wider analysis of the chromatin changes occurring in these BJ5ta cells, 

fast Assay for Transposase Accessible Chromatin sequencing (ATAC seq) was 

conducted. ATAC seq is a high-throughput sequencing methodology that probes the 

chromatin with the use of a hyperactive Tn5 transposase168. The transposase 

simultaneously cuts and ligates high-throughput sequencing adapters into regions of 

open chromatin that are more accessible; these are indicative of more transcriptionally 

active regions of chromatin. Regions of increased accessibility can be inferred from 

the distribution of sequencing reads obtained across the whole genome. This enables 

development of a schematic landscape of the chromatin structure whereby peaks are 

generated by larger pileups of reads at open regions.  

 

With the use of bioinformatic tools, it is possible to carry out analysis on ATAC seq 

data sets, comparing different conditions to identify changes that occur with regards 

to the chromatin structure and infer changes in the transcriptional activity. With the 

use of motif enrichment analysis, it is also possible to identify transcription factor 

binding sequences that are present in certain subgroups of peaks relative to the 

background set of peaks. Gene ontology (GO) term analysis can also be carried out 
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once genes have been annotated to the peaks to identify any common functions, 

process or components related to each group of peaks. 

 

The aims of the ATAC seq investigation was to determine any differences in chromatin 

structure between the unstimulated fibroblast cells and their IFNa counterparts, but 

also to assess any changes between the BJ5ta WT and the BJ5ta PMLII KO cell lines 

which may help to determine if there is a PMLII dependent mechanism in chromatin 

structure remodelling.  
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4.2 Chromatin Immunoprecipitation Analysis in BJ5ta Cells 

 

ChIP assays enable the measurement of interactions between proteins or histone 

modifications to regions of the genome157. In a similar manner to the previous chapter 

analysing histone markers and histone subtypes with ChIP in HeLa cells, BJ5ta were 

assessed for changes in H3K4me3, H3K9me3, H3K27me3, H3.3 and H3 total upon 

stimulation. One noticeable difference from the HeLa experiments was the use of 

IFNa for 4 h as a stimulus. PolyIC used as for HeLa cell stimulation was initially 

tested however, it induced cell death and disruption of house-keeping genes after a 

short period of time and therefore could not be used for the 4 h stimulation time period. 

Consequently, IFNa was used at 100 U/ml to activate the innate immune response and 

bring about increased transcriptional activation of the ISGs investigated. The use of 

IFNa as a stimulus results in direct activation of the IFN receptors with downstream 

signalling occurring primarily through the Jak/STAT pathway. Although polyIC may 

also signal through this route due to activating production of IFN, this stimulus is 

additionally known to act directly through IRF3, which can stimulate many ISG 

promoters. This signalling through IRF3 is not seen when using IFNa as the stimulus. 

 

It was hypothesised that upon stimulation of the cells with IFNa there would be a 

change from histone markers of inactivation to histone markers of activation 

associated with ISGs, due to an increase in transcriptional activity at ISGs. Thus, a 

decrease in H3K9me3 and H3K27me3 was expected to coincide with an increase in 

H3K4me3 and H3.3 subtype in response to the IFNa stimulus. 

 

 

4.2.1 Stimulating BJ5ta Cells with IFNa Elicits a Response in the Wildtype 

Cells, But Not in the PMLII Knockout Cell Line 

 

To ensure the IFNa stimulation conditions were able to elicit an adequate response in 

the BJ5ta WT and to investigate the response in PMLII KO fibroblasts, RNA was 

harvested from control, unstimulated cells and from cells after 4 h with 100 U/ml of 

IFNa. This RNA was then reverse transcribed into cDNA and analysed through qPCR. 
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mRNA levels were determined relative to those of the housekeeping gene succinate 

dehydrogenase (SDHA) in the same way as described in section 3.2. 

 

Figure 4.2.1 shows that the WT BJ5ta cells had little transcription of ISG54 in the 

absence of stimulation. However, post 4 h IFNa stimulation, the level of ISG54 RNA 

in the cell was increased 35-fold. This was as expected due to IFNa activating the gene 

and inducing its transcription.  

 

The PMLII KO BJ5ta cells also showed little transcription of ISG54 in the absence of 

IFNa, however, upon addition of the stimulus, the transcription of ISG54 still 

remained at a low level with only a slight increase, less than 2-fold, although this was 

also significantly different. This was also in line with the predicted result due to PMLII 

being required for efficient ISG induction by IFNa73. In cells without PMLII, it is 

expected that gene activation may still be able to occur, but the efficiency of ISG 

activation is significantly impaired.     

 
Figure 4.2.1: The levels of RNA expression for ISG54 increased upon IFNa stimulation 

in WT BJ5ta cells, however the absence of PMLII in the PMLII KO BJ5ta cell lines led 

to significantly less efficient ISG54 activation. BJ5ta WT cells and BJ5ta PMLII KO cells 
were stimulated with 100 U/ml of IFNa for 4 h. Total RNA was extracted and reverse 
transcribed before being analysed by qPCR. The levels of ISG54 RNA were normalised to 
SDHA RNA with values presented relative to the unstimulated WT BJ5ta sample. The 
quantification of RNA was conducted using the ΔΔCt method. Error bars represent the 
standard deviation from the triplicate qPCR results. The * indicates a t-test p-value < 0.05, 
***** indicates a p-value < 0.0000001 
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4.2.2 Histone Markers for Active Transcription – H3K4me3 

 

To investigate the changes in histone markers of activation, 100 U/ml of IFNa was 

added to the BJ5ta cells for 4 h. ChIP experiments were conducted using histone 

marker-specific antibodies to enrich for fragments of chromatin that contained 

H3K4me3. Then, through the use of qPCR and primers specific for ISGs within the 

DNA, methylation marks occurring at ISG54 were assessed. These experiments were 

done only in duplicate due to the large scale of tissue culture required to obtain enough 

large BJ5ta cells for each ChIP to be conducted. 

 

Analysis of H3K4me3 was performed by ChIP-qPCR with the hypothesis that this 

marker would increase upon stimulation with IFNa in the WT cells. This increase was 

expected to be less pronounced or absent in the PMLII KO cells due to previous 

experiments confirming the published phenomenon of reduced PMLII causing 

impaired activation of ISG54 in the BJ5ta PMLII KO cells.  
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Figure 4.2.2 Chromatin immunoprecipitation to measure the levels of H3K4me3 at 

ISG54. Chromatin harvested from parental wildtype BJ5ta cells (WT) or PMLII CRISPR 
knockout BJ5ta cells (KO), following incubation with or without 100 U/ml of IFNa for 4 h, 
was precleared by incubation with protein A sepharose beads for 1 h and then precipitated 
with anti-H3K4me3 or species-matched IgG. The recovered DNA was analysed by qPCR. 
Results from two independent replicate experiments are shown. Data are shown as a % of 
input, which was measured on a retained sample of chromatin. Error bars indicate standard 
deviation among technical replicates of the qPCR reaction. The *** indicates a t-test p-value 
< 0.001 calculated from the signal above background detected for the three technical replicates 
of H3K4me3.  
  

 

The amount of H3K4me3 histone marker at the ISG promoter under each condition 

was assessed by deducting the non-specific IgG background signal in each case; this 

was done throughout. Although very low relative to the H3K4me3 signal in this case, 

these background precipitation values can be significant. The amount of H3K4me3 

changed very little upon stimulation in the WT cells in analysis of either replicate. The 

0

2

4

6

8

10

WT - IFNa WT + IFNa PMLII KO - IFNa PMLII KO +
IFNa

%
 In

pu
t

Replicate 2

abcam IgG H3K4me3 H3K4me3 - IgG

0

2

4

6

8

10

12

WT - IFNa WT + IFNa PMLII KO - IFNa PMLII KO +
IFNa

%
 o

f i
np

ut

Replicate 1

abcam IgG H3K4me3 H3K4me3 - IgG

*** 



Chapter 4: Chromatin changes during the interferon response in BJ5ta cells 

 116 

PMLII KO BJ5ta cells displayed a significant reduction in H3K4me3 upon addition of 

IFNa in analysis of replicate 1, although this result was not shown in analysis of 

replicate 2 where the expression of H3K4me3 remained constant across all conditions 

(Figure 4.2.2).  

 

This data suggests that there was little change in the presence of the H3K4me3 histone 

marker upon stimulation in the WT BJ5ta cells. However, there may possibly be a 

reduction in this marker of transcriptional activity in the PMLII KO cell lines. 

Unfortunately, due to the analysis of the two replicates showing differing results it is 

difficult to conclude the direction of change, if any, in the PMLII KO cell line. 

 

 

4.2.3 Histone Markers for Repressed Transcription – H3K9me3 and 

H3K27me3 

 

H3K9me3 is a histone marker associated with closed regions of chromatin frequently 

considered to be transcriptionally inactive153. It was predicted that upon stimulation 

with IFNa the expression of H3K9me3 would decrease in the BJ5ta WT cells due to 

activation of ISG54 being induced and that this loss of H3K9me3 might be reduced in 

the BJ5ta PMLII KO cells as a result of PMLII not being present to activate ISG54 to 

the same extent. 

 

A significant reduction in H3K9me3 was seen in the WT cell line in analysis of both 

replicates upon stimulation with IFNa (a 3.2-fold decrease and a 2.0-fold decrease for 

the analysis of replicates 1 and 2 respectively), as predicted (Figure 4.2.3). On average, 

a smaller, but still significantly different, reduction in H3K9me3 histone marker 

occurred for the PMLII KO cells (2.4-fold decrease and a 1.3-fold decrease for analysis 

of replicates 1 and 2 respectively). As the loss of H3K9me3 was subdued in the PMLII 

KO cells, it may indicate a role of PMLII in regulating this histone marker. However, 

there was significantly less signal detected for H3K9me3 in the unstimulated PMLII 

KO BJ5ta cells compared to the WT cell line across both biological. This could suggest 

that PMLII has an involvement primarily in the presence of H3K9me3 prior to 

stimulation. 
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Figure 4.2.3 Chromatin immunoprecipitation to measure the levels of H3K9me3 at 

ISG54. Chromatin harvested from parental wildtype BJ5ta cells (WT) or PMLII CRISPR 
knockout BJ5ta cells (KO), with or without stimulation with 100 U/ml of IFNa for 4 h, was 
precleared by incubation with protein A sepharose beads for 1 h and then precipitated with 
anti-H3K9me3 or species matched IgG. The recovered DNA was analysed by qPCR. Data are 
shown as a % of input, which was measured on a retained sample of chromatin. Error bars 
indicate standard deviation among technical replicates of the qPCR reaction. * indicates a t-
test p-value < 0.05, ** indicates a t-test p-value < 0.01, *** indicates a t-test p-value < 0.001, 
**** indicates a t-test p-value < 0.0001 and ***** indicates a t-test p-value < 0.00001, 
calculated from the signal above background detected for the three technical replicates of 
H3K9me3.  
 

 

Another marker associated with transcriptional inactivity of some genes is 

H3K27me3. This marker has previously been shown to inhibit the expression of 

activation markers such as H3K4me3 through allosteric inhibition of histone 

methyltransferases115. 
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Similar to the data obtained from the HeLa cells at both the IFNß gene and ISG54 

(Figure 3.6.3, Figure 3.7.3), there was very little signal obtained for H3K27me3 in the 

BJ5ta cells, both WT and PMLII KO (Figure 4.2.4). This makes it difficult to draw 

any strong conclusions with regards to the role of PMLII in H3K27me3 expression in 

the presence or absence of stimulation with 4 h IFNa. The statistical analysis of the 

data, however, did reveal a significant reduction in H3K27me3 following IFNa 

stimulation in the WT cells and a significant increase in H3K27me3 in the PMLII KO 

cell line.  

 

Due to limited chromatin obtained from each harvest of BJ5ta cells, as a consequence 

of their larger cell size, H3K27me3 was only investigated once. Due to the small 

amount of signal detected for this histone marker at ISG54 making it difficult to 

interpret the data with any confidence, it was not repeated, so enabling investigation 

of other markers such as H3K4me3 and H3K9me3, in addition to histone subtype H3.3 

and H3 total. 

 
Figure 4.2.4 Chromatin immunoprecipitation to measure the levels of H3K27me3 at 

ISG54. Chromatin harvested from parental wildtype BJ5ta cells (WT) or PMLII CRISPR 
knockout BJ5ta cells (KO), with or without stimulation with 100 U/ml of IFNa for 4 h, was 
precleared by incubation with protein A sepharose beads for 1 h and then precipitated with 
anti-H3K27me3 or species matched IgG. The recovered DNA was analysed by qPCR. Data 
are shown as a % of input, which was measured on a retained sample of chromatin. Error bars 
indicate standard deviation among technical replicates of the qPCR reaction. The * indicates 
a t-test p-value < 0.05 calculated from the signal above background detected for the three 
technical replicates of H3K27me3.  
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4.2.4 Histone H3 Subclass Switching  
 

Investigations into changes occurring in the subtype of H3 histone present within the 

chromatin were also conducted in the WT and PMLII KO BJ5ta cells using ChIP-

qPCR. The H3.3 subclass was assessed as this is one H3 subtype thought to be 

incorporated into chromatin that is transcriptionally active154.  

 

Following stimulation of the innate immune response by addition of IFNa, it was 

predicted that there would be a greater presence of the H3.3 subtype at ISG54 in the 

WT cells to reflect the increased transcriptional activity at this ISG. Whether this 

would also occur in the PMLII KO cells was unknown, although, due to impaired 

activation of ISG54, it was hypothesised that there might be less H3.3 present in the 

chromatin when PMLII was depleted.  

 

The ChIP-qPCR data showed that the level of H3.3 at ISG54 remained fairly constant 

in the WT BJ5ta cells with no change occurring upon addition of the IFNa (Figure 

4.2.5). The PMLII KO cells showed a decrease in analysis of replicate 1, however, this 

result was not reproduced in analysis of replicate 2, which showed very little difference 

between the PMLII KO cells before and after IFNa stimulation. Analysis of replicate 

2 suggests that there was slightly less H3.3 present in the PMLII KO cells than in the 

WT cells in stimulated and unstimulated conditions, although this was not seen in the 

first biological repeat making it impossible to state firm conclusions about this possible 

difference.  
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Figure 4.2.5 Chromatin immunoprecipitation to measure the levels of H3.3 at ISG54. 

Chromatin harvested from parental wildtype BJ5ta cells (WT) or PMLII CRISPR knockout 
BJ5ta cells (KO), with or without stimulation with 100 U/ml of IFNa for 4 h, was precleared 
by incubation with protein A sepharose beads for 1 h and then precipitated with anti-H3.3 or 
species matched IgG. The recovered DNA was analysed by qPCR. Data are shown as a % of 
input, which was measured on a retained sample of chromatin. Error bars indicate standard 
deviation among technical replicates of the qPCR reaction. The * indicates a t-test p-value < 
0.05 and **** indicates a t-test p-value < 0.0001 calculated from the signal above background 
detected for the three technical replicates of H3.3.  
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4.2.5 Investigating the Possible Loss of H3 Histones at ISG54 in BJ5ta cells 

 

To investigate whether the apparent changes in H3K4me3 and H3K9me3 were as a 

result of the IFNa stimulation causing a depletion in these markers or due to loss of 

histones at the ISG54 gene, the total amount of H3 present at the gene was also 

assessed by ChIP-qPCR (Figure 4.2.6). 

 
Figure 4.2.6 Chromatin immunoprecipitation to measure the levels of H3 total at ISG54. 

Chromatin harvested from parental wildtype BJ5ta cells (WT) or PMLII CRISPR knockout 
BJ5ta cells (KO), with or without stimulation with 100 U/ml of IFNa for 4 h, was precleared 
by incubation with protein A sepharose beads for 1 h and then precipitated with anti-H3 total 
or species matched IgG. The recovered DNA was analysed by qPCR. Data are shown as a % 
of input, which was measured on a retained sample of chromatin. Error bars indicate standard 
deviation among technical replicates of the qPCR reaction. The ** indicates a t-test p-value < 
0.01, *** indicates a t-test p-value < 0.001, **** indicates a t-test p-value < 0.0001 and ***** 
indicates a t-test p-value < 0.00001 calculated from the signal above background detected for 
the three technical replicates of H3.  
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The results showed that the presence of H3 was not constant across all conditions, a 

similar result to that seen in the HeLa cells. Whether these inconsistent H3 levels are 

a consequence of random variation in H3 recovery through the experimental stages or 

are a result of the biological treatment is not clear. A decrease in H3 following IFNa 

stimulation for both the WT and PMLII KO cells was seen suggesting that the 

biological treatment may be impacting the H3 levels. The level of signal detected for 

total H3 for the unstimulated cells is also different between the analysis of the two 

replicates. Data from replicate 1 suggested more H3 was present in the unstimulated 

PMLII KO cells compared to the unstimulated WT BJ5ta cells. Conversely, analysis 

of replicate 2 showed more H3 total present in the WT sample than the PMLII KO 

samples prior to stimulation. With variation in the data, it is difficult to make any 

conclusive remarks with regards to H3 histones and PMLII, however it does appear 

that the number of histones being detected at ISG54 is reduced upon stimulation. It 

also brings into question whether the way the ChIP data is being analysed, being set 

relative to a percentage of input with the level of background IgG signal subtracted. 

With the amount of H3 varying between samples, it may be necessary to normalise the 

data for histone markers found upon H3, to the total recovered H3 from the same 

chromatin batch. It is difficult to determine if it is the absolute amount of a histone 

mark present that is important, or if the fraction of possible histone at the promoter 

that carries the modification is more informative. 

 

One discrepancy with the H3 total data arises in that the % of input detected for 

H3K4me3 is higher (between 5 and 11%) than that detected for H3 total (between 1 

and 4%). This should not be possible as H3K4me3 is only present on H3 histones, 

therefore bringing into question the specificity of the antibody for H3K4me3 or the 

efficiency of the H3 total antibody in the IP step for the ChIP protocol.  
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4.3 Genome-wide ATAC Sequencing of WT and PMLII KO BJ5ta Cells 

Following IFNa Stimulation 

 

High throughput, genome-wide sequencing is now commonplace in analysing changes 

in transcription and can be very useful for identifying regions of open, active 

chromatin.  

 

Assessing the chromatin landscape of the whole genome for the BJ5ta WT and PMLII 

KO cells following stimulation with IFNa required the use of ATAC seq. This process 

enables accessible, open regions in the chromatin that are considered to be 

transcriptionally active to be identified. These areas of DNA are simultaneously cut 

and labelled with an adapter sequence by a transposase during sample preparation. 

Subsequent stages include DNA purification, amplification from those inserted 

adapters and then library preparation. The resulting DNA libraries are then sequenced 

and analysed computationally. Through ATAC seq the openness of chromatin and 

inferred transcriptional activity can be determined along with the potential of 

identifying transcription factor binding motifs. 

 

Paired end ATAC seq data was obtained for ATAC seq libraries from BJ5ta wildtype 

cells and BJ5ta PMLII KO cells in the presence and absence of IFNa stimulation for 

either 2 h, 4 h or 24 h. By investigating the WT and PMLII KO BJ5ta cell lines in 

parallel, it enabled identification of any PMLII specific roles in altering the chromatin 

structure especially with respect to making transcription factor binding sites 

accessible. 

 

Quality control checks were conducted upon the sequencing data before investigations 

into the difference between unstimulated and stimulated data for each cell type were 

conducted. With the use of computational and bioinformatics tools, the data was sorted 

by k-means clustering to identify different groups (based upon expression level and 

temporal expression) within the whole population of peaks. Motif enrichment analysis 

was conducted upon these groups in an attempt to identify any cluster-specific motifs 

or motifs that were unique to the WT or PMLII KO cell types. Genes associated with 
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identified peaks in each cluster were also annotated and subsequent GO-term 

enrichment analysis was performed.  

 

 

4.3.1 Sample Preparation 

 

The preparation of all the ATAC samples was completed following the OMNI-ATAC 

seq protocol with a single left-sided bead purification from the Kaestner Lab135. WT 

BJ5ta cells and PMLII CRISPR KO BJ5ta cells were grown to 80-90% confluence and 

then incubated with 100 U/ml of IFNa for 2 h, 4 h or 24 h to stimulate the cells and 

elicit an immune response. Unstimulated control cultures at 0 h and 24 h were also 

grown (Table 4.3.1). Each test condition was grown in individual cultures set up on 

the same day for each biological replicate. 

 

Condition 
Number of biological 

replicates 

WT 0 h unstimulated 3 

WT 2 h IFNa 3 

WT 4 h IFNa 3 

WT 24 h IFNa 2 

WT 24 h unstimulated 1 

KO 0 h unstimulated 3 

KO 2 h IFNa 3 

KO 4 h IFNa 3 

KO 24 h IFNa 2 

KO 24 h unstimulated 1 

 

Table 4.3.1 ATAC sequencing samples. A table representing the 24 different samples 
generated using BJ5ta WT cells and BJ5ta PMLII KO cells. Samples were either left 
unstimulated for 0 h or 24 h or stimulated with 100 U/ml of IFNa for 2, 4 or 24 h. The table 
indicates the number of biological replicates generated on different days for each condition, 
too. 
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Cells were then harvested and ~50 000 cells of each type were used for each test 

condition. The cells were then lysed, and the nuclei were harvested. The resulting 

nuclei underwent a transposition reaction to cut open regions of chromatin and add 

sequencing adapter sequences onto the DNA fragments. The DNA was then purified 

and amplified by limited cycle PCR. Libraries were then generated, and the quality of 

the DNA was assessed by High Sensitivity DNA Bioanalyser. A Qubit fluorometer 

was also used to quantify the DNA concentration of each sample library (Figure 4.3.1). 

 

To calculate the volume of each sample required to generate an equimolar stock 

required for sequencing, Qubit and Bioanalyser analyses were utilised. Using the 

Bioanalyser software, fragments of DNA present between 45 and 1000 bp were 

assessed; an example of how this region was selected for three samples is shown in 

Figure 4.3.1. This size range was selected based upon lengths of fragments known to 

bind to the sequencing chip169. Fragments above 1000 bp are thought not too bind 

effectively and DNA fragments smaller than 45 bp are thought to represent primer 

dimers, so should be excluded169. The Bioanalyser software was used to provide the 

concentration for the DNA in this size range and also used to calculate the fraction of 

the total that this represented. Taking the same percentage from the total DNA 

concentration measured by Qubit provided two values for the concentration of DNA 

predicted to be able to bind to the sequencing chip in each sample. These two 

concentrations were then averaged, and samples were diluted accordingly to give 1.5 

nM solutions of DNA in this size range which were then combined into an equimolar 

pool used for sequencing. The concentration of DNA from each sample used for the 

sequencing was, however, slightly suboptimal. This was due to the large amount of 

DNA above 1000 bp, which made it difficult to calculate the concentration of 

sequencable DNA within each sample. Consequently, only ~350 million reads were 

obtained rather than the target 500 million reads, due to the level of clustering of the 

sequencing chip. Should this experiment be repeated, it may be beneficial to conduct 

double-sided bead purification in an attempt to remove these >1000 bp fragments from 

the samples. This would potentially make it easier to calculate suitable concentrations 

of each sample to be pooled into the equimolar stock sent for sequencing. Obtaining 

greater read-depth may also enable more significantly different peaks to be identified, 

increasing the total number of peaks and statistical strength of the data, and therefore 

elucidate more information. 



Chapter 4: Chromatin changes during the interferon response in BJ5ta cells 

 126 

 

Sample 

Region 

of Data 

[bp] 

% of 

Total 

DNA 

Average Size 

in Region 

(bp) 

Conc. of DNA 

in Region 

(ng/ul)  

Conc. from 

QuBit 

(ng/ul) 

Average 

Conc. (nM) 

WT 0 h 1 45 - 1000 55 519 1.20 0.97 3.17 

WT 0 h 2 45 - 1000 60 490 0.98 0.68 2.57 

WT 0 h 3 45 - 1000 70 461 1.02 0.53 2.54 

Figure 4.3.1: Example ATAC seq DNA fragment library size profile and concentration 

data. The Bioanalyser traces and output information along with QuBit concentration analysis, 
was used to calculate the concentrations of DNA fragments with lengths between 45 bp and 
1000 bp expected to bind to the sequencing chip. The resulting traces from the Bioanalyser 
analysis of WT BJ5ta 0 h IFNa biological triplicates in addition to the output data from the 
Bioanalyser and QuBit are shown.  
 
 

 

 

WT 0 h 1 

WT 0 h 2 

WT 0 h 3 
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4.3.2 Sequencing 

 

Illumina dual indexing was used to carry out 50 bp paired-end sequencing, utilising 

two index reads of 8 bp, with 300 million reads expected to be obtained. The 

sequencing achieved ~350 million pairs of reads which was ~15 million pairs of reads 

per sample. This suggests slight over-clustering of the sequencing chip, as a result of 

using a higher concentration of DNA than manufacturer recommendations, leading to 

an increased read yield obtained per sample.  

 

 

4.3.3 Preliminary Data Processing 

 

Trimming the Reads 

 

Output files from the sequencing were converted to fastq files using bcl2fastq. Inserted 

adapter sequences that were required for sequencing were trimmed off the data 

sequences using Trimmomatic which also generated a trimlog. The trimlog showed 

that 99% of input read pairs survived the trimming process for all samples. 

 

 

Quality Control Checks with FastQC  

 

The trimmed sequencing data was then run through Babraham Bioinformatics FastQC 

to assess many aspects of the data and perform quality control (QC). Output files 

showed that the data was relatively good with many positive QC aspects returned for 

each sample. A representative example of the output generated can be seen in Figure 

4.3.2. One aspect highlighted as poor quality in the FastQC report, was the “per base 

sequence content”. This is a known false negative caused by the tagmentation step of 

ATAC seq. Upon closer investigation of this criteria, the first 15 base pairs were 

showing a less random sequence of bases, however, this sequence corresponded with 

the Tn5 bias signature, thus indicated the tagmentation was successful.  
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Figure 4.3.2: Output report generated by FastQC for the ATAC sequencing reads. Using 
Babraham Bioinformatics software FastQC, each sample from the ATAC seq data was 
assessed. This data represents the report generated for the first unstimulated replicate of the 
WT BJ5ta cells. Many of the criteria were found to be positive with only one negative mark 
occurring at “per base sequence content”. This however is a false negative generated by the 
Tn5. The first 15 base pairs correspond with the Tn5 bias signature and confirm the 
tagmentation occurred successfully.  
 

 

4.3.4 Multistep Alignment of the Reads to Genomes 

 

Next, knowing the data were of a suitable quality, the reads were then aligned to the 

human genome using Bowtie2. Initially, the alignment was conducted against the 

mitochondrial genome to remove these reads. Table 4.3.2 shows what percentage of 

the data aligned to the mitochondrial genome and were then subsequently removed 

from the data set. For most of the samples this was around 5-10%, however some 

showed a larger number of sequences aligning, ranging from 4.64% to 21.37%. 

Mitochondrial read contamination is a known limitation in ATAC seq, with some 

protocols suffering an average of 50% of the sequencing pertaining to mitochondrial 

reads170. However, through the use of OMNI ATAC seq protocols and utilising 

detergents during the sample preparation, this background noise can be reduced171. 

Therefore, having an average of 12% and no more than 21.37% of the reads mapping 

to the mitochondrial genome was considered an acceptable level of contamination with 

respect to currently available ATAC seq protocols. 
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For all samples there was above 95% alignment with the human genome for the 

remaining reads. Table 4.3.2 also displays the percentage of the remaining reads that 

successfully aligned to the human genome and were therefore taken forward in the 

analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 4.3.2: Results for the multistep alignment of the ATAC seq reads to the 

mitochondrial genome and then the human genome. The data represent the percentage of 
the reads for each sample that initially aligned to the mitochondrial genome and were 
subsequently removed. The table also shows the percentage of remaining reads that then 
successfully aligned to the human genome and were taken forward for analysis. 

Sample 

% Aligned to 

Mitochondria 

(removed) 

% Residual Reads 

Aligned to Human 

Genome 
WT 0h 1 5.27 96.51 

WT 0h 2 17.26 96.71 

WT 0h 3 11.37 96.56 

WT 2h 1 4.64 96.82 

WT 2h 2 11.07 96.99 

WT 2h 3 6.75 96.55 

WT 4h 1 4.71 96.47 

WT 4h 2 9.68 96.97 

WT 4h 3 12.43 96.57 

WT 24h 1 11.71 96.88 

WT 24h 2 7.33 96.40 

WT 24h unstimulated 10.89 96.59 

KO 0h 1 11.34 96.95 

KO 0h 2 21.37 96.37 

KO 0h 3 14.52 96.65 

KO 2h 1 12.72 96.72 

KO 2h 2 17.97 96.56 

KO 2h 3 13.45 96.63 

KO 4h 1 14.41 96.68 

KO 4h 2 14.17 97.01 

KO 4h 3 10.11 96.66 

KO 24h 1 21.12 96.44 

KO 24h 2 14.31 96.42 

KO 24h unstimulated 18.99 95.80 
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The aligned reads were then visualised using the genome browser IGV (sample region, 

Figure 4.3.3). For each sample, numerous locations were checked to investigate the 

data to check for PCR bias. There were no blocks of reads with the same start and end 

point therefore, indicating no major PCR bias had occurred in the limited cycle PCR 

stage of library preparation.  

 

Figure 4.3.3: IGV screenshot of the ISG54 gene to illustrate the aligned reads for one  

0 h WT sample and one 4 h IFNa sample. Samples were visualised on IGV and numerous 
locations were checked for PCR bias. Many reads are shown under each peak. Peaks of aligned 
reads indicate regions of open chromatin. There are more reads present in the sample 
stimulated with IFNa for 4 h depicting more open, active chromatin. 
 
 
Alignment statistics were produced for each sample to assess the quality of alignments. 

BAM Flag distributions are one such statistic generated and represents the different 

constellations of paired reads mapping to positive or negative strands, singly or in 

pairs, in correct or incorrect orientation relative to each other etc. (Table 4.3.3). The 

desired BAM Flag scores, representing the correct mappings of properly paired reads, 

of 83, 99, 147 or 163 are highlighted in green. All samples were of good quality with 

93.63% - 95.47% of reads properly paired and taken forward in the analysis. Added 

together the number of reads within each desired BAM Flag distribution indicate the 

total number of reads that were properly paired for each sample (Table 4.3.4). 
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Total reads 2491978 
Proper paired 2359018 

 
Table 4.3.3 Example of the BAM Flag distribution generated and used to calculate the 

number of total reads and number of proper paired reads. This example is for the first 
biological replicate of 0 h WT BJ5ta cells. It shows all the different BAM Flag categories and 
their associated definitions. Those highlighted in green indicate which BAM Flag categories 
contain the desired pairs which were properly mapped to the genome. These paired read counts 
were taken forward in the analysis.  
 
 

 
 
 
 
 
0h 
WT 
rep 1 

         

BAM 
Flag 

Read 
Count 

Read 
Paired 

Read 
Mapped 
in 
Proper 
Pair 

Read 
Unmapped 

Mate 
Unmapped 

Read 
reverse 
strand 

Mate 
reverse 
strand 

First 
in 
Pair 

Second 
in Pair 

65 1451 y           y   
69 6837 y   y       y   
73 7702 y     y     y   
77 29231 y   y y     y   
81 3319 y       y   y   
83 589734 y y     y   y   
89 7328 y     y y   y   
97 2851 y         y y   
99 589775 y y       y y   
101 6705 y   y     y y   
113 1056 y       y y y   
129 1451 y             y 
133 7702 y   y         y 
137 6837 y     y       y 
141 29231 y   y y       y 
145 2851 y       y     y 
147 589775 y y     y     y 
153 6705 y     y y     y 
161 3319 y         y   y 
163 589734 y y y     y   y 
165 7328 y   y     y   y 
177 1056 y       y y   y 
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Sample 
Total 
reads 

Proper paired 
reads 

% of total reads that 
are properly paired 

0h WT 1 2491978 2359018 94.66 
0h WT 2 17418414 16522176 94.85 
0h WT 3 20766506 19583358 94.30 
2h WT 1 27128744 25778058 95.02 
2h WT 2 26534804 25221090 95.05 
2h WT 3 15213074 14396514 94.63 
4h WT 1 32586844 30685496 94.17 
4h WT 2 26328354 25071172 95.22 
4h WT 3 20219318 19066548 94.30 
24h WT 1 15423924 14682584 95.19 
24h WT 2 20122114 19024092 94.54 
24h unstim WT 1 7800550 7398736 94.85 
0h KO 1 25477996 24234102 95.12 
0h KO 2 25798944 24239196 93.95 
0h KO 3 21989468 20853978 94.84 
2h KO 1 21311612 20174618 94.66 
2h KO 2 21651944 20432058 94.37 
2h KO 3 17817922 16925856 94.99 
4h KO 1 37925140 35854166 94.54 
4h KO 2 17987418 17173134 95.47 
4h KO 3 24739410 23301270 94.19 
24h KO 1 22685602 21326838 94.01 
24h KO 2 14436542 13652266 94.57 
24h unstim KO 1 13091434 12257106 93.63 

Table 4.3.4: Summary of the BAM Flag distribution analysis. The data presented show the 
total number of reads for each ATAC seq sample, the number of proper paired reads based on 
desired BAM Flag distributions and the calculated percentage of total reads that are properly 
paired. 
 

 

Another statistic of alignment considered for the ATAC seq samples was the MAPQ 

score. This is a measure for the quality of the mapping, with a higher MAPQ score 

suggesting that the read is less likely to have originated from an alternative location in 

the genome and is therefore more likely to have been mapped correctly to a unique 

location. For all the ATAC seq samples generated, the MAPQ scores for the majority 

of the reads were above 30. Figure 4.3.4 shows the MAPQ analysis of the first WT 

BJ5ta unstimulated sample which was relatively consistent with all other samples. 
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High quality scores between 22 and 42 were observed frequently, and lower mapping 

quality scores between 2 and 21 occurred rarely. 

 

The reads were subsequently filtered for quality and uniqueness by using filter “-f2” 

to encode for proper paired reads only and then also for a MAPQ score greater than 

21. These filtered, high quality mapped reads were then taken forward in the analysis. 

 

        
Figure 4.3.4: A representative example of the MAPQ distribution obtained from the 

alignment of the ATAC seq data to the human genome. This data is from the first replicate 
of the unstimulated WT BJ5ta cells. The mapping quality (MAPQ) score is shown against the 
number of reads. The majority of the data had a high MAPQ score and is therefore highly 
likely to be correctly and unambiguously aligned to the genome.  
 

 

Second Analysis of the Filtered Data by FastQC 

 

After selecting for properly paired reads and then filtering out data with a MAPQ score 

below 22, the resulting ATAC seq data was then assessed through FastQC for a second 

time. The report shows an improvement in the quality of the data with “Per sequence 

GC content” changing from “!” (Figure 4.3.2) indicating unusual data, to a tick which 

reflects good quality, expected patterns (Figure 4.3.5). This improved quality of the 

data was seen with all samples following the filtering process. 
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Figure 4.3.5: Output report generated by FastQC for the filtered ATAC sequencing 

reads. Using Babraham Bioinformatics software FastQC, the properly paired reads with a 
mapped alignment quality score < 22 from the ATAC seq data were assessed. This data 
represents the report generated for the filtered data from the first unstimulated replicate of the 
WT BJ5ta cells. Many of the criteria were found to be positive with only one negative mark 
occurring at “per base sequence content” indicating there is less than average randomness 
amongst the sequence in the sample library. This, however, is a false negative generated by 
the Tn5 as the first 15 base pairs always correspond with the Tn5 bias signature and confirm 
the tagmentation occurred successfully. There is also an improvement in the data quality 
following the filtering, with per sequence GC content now considered to be a good result rather 
than unusual.  
 

 

4.3.5 Second Round of Quality Control Checks for ATAC Seq Data 

 

Checking Insert Size 

 

The size of the DNA fragments, known as the insert size, is another aspect of the data 

assessed as a measure of quality. Typical ATAC seq data should contain a larger initial 

peak of the shortest fragments corresponding to nucleosome free regions followed by 

progressively smaller peaks representing DNA fragments that had contained and been 

protected by an increasing number of nucleosomes168 (Figure 4.3.6). An extra detail 

also seen within the insert size distribution of good quality ATAC seq data is a 10.4 

bp periodicity, representing each turn of the DNA. 
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Figure 4.3.6: Example of ATAC seq expected fragment sizes. Figure taken from Buenrostro 
et al 2013 “Transposition of native chromatin for fast and sensitive epigenomic profiling of 
open chromatin, DNA-binding proteins and nucleosome position”168. The data were generated 
from GM12878 nuclei. Insert: a log-transformed histogram shows clear periodicity and 
represents fragments from zero to six nucleosomes. The 10.4 bp periodicity is also shown as 
expected. 
  

 

Figure 4.3.7 shows an example of the insert size distribution obtained for the 

sequencing data for the first unstimulated WT BJ5ta replicate. The initial large peak 

shows the expected nucleosome-free fragments followed by one secondary peak which 

represents the DNA fragments containing one nucleosome in their length. If the insert 

size of 0 bp to 500 bp is focused on (Figure 4.3.8), it is clear to see the data also shows 

the 10.4 bp periodicity resulting from the DNA turns. This pattern was seen for all the 

samples. No samples appeared to contain many fragments arising from protection by 

more than 1 nucleosome, due to the absence of any additional subsequent peaks in the 

data, suggesting the majority of the data was a smaller insert size. This however still 

shows a pattern of peaks representative of good ATAC seq data, as the number of 

longer inserts, containing more than 1 nucleosome, are always smaller than the number 

of shorter inserts identified. 
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Figure 4.3.7: Quality control check of the insert size length for the ATAC seq data. The 
insert size/DNA fragment length for all reads obtained for the first replicate of unstimulated 
BJ5ta cells are shown as a representative example of all samples. The data reveals two larger 
peaks corresponding to nucleosome free fragments and fragments which contain a single 
nucleosome. The majority of the fragments are of a shorter insert size. 
 

 
Figure 4.3.8: Quality control check for the insert size for the 10.4 bp periodicity in the 

ATAC seq data. The insert size/DNA fragment length for reads between 0 and 500 bp, 

obtained for the first replicate of unstimulated BJ5ta cells are shown. This shows many smaller 

peaks upon the two broader peaks. These spikes confirm the presence of the 10.4 bp periodicity 

expected to occur in ATAC seq data and represents the turning of the DNA within the 

fragments. 
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4.3.6 Selecting Peaks for Analysis 

 

Peak Calling with MACS2 

 

Using the filtered data that successfully passed the QC checks, it was necessary to 

label the peaks in the data generated by a build-up of reads indicating regions of open 

chromatin. To ensure that peaks in identical locations in different samples were given 

the same label across all samples, the files were merged prior to peak calling. The 

merged file was then submitted to MACS2 and peaks were labelled. 262 442 different 

peaks were identified across the merged data file (Example, Table 4.3.5).  

 

 

 

Table 4.3.5: The first 10 peaks identified from the MACS2 output. The first 10 peaks 
identified, based upon chromosomal location, across the merged filtered ATAC seq data as 
identified by MACS2 peak calling. The output generated shows the chromosome, the start of 
the peak, the end of the peak, the length of the peak, the summit of each peak, the number of 
reads present under the peak, the -log p-value, the fold enrichment, the -log q-value and the 
name. 
 

 

Deciding a q-value Cut off 

 

The -log q-value represents the p-values adjusted for multiple testing, for each peak as 

a measure of significance. Statistical significance does not always inform about if the 

peaks are biologically relevant. In order to restrict analysis to robust peaks, which are 

chr start end length summit pileup 
-
LOG10 
(pvalue) 

Fold 
enrichment 

-
LOG10 
(qvalue) 

name 

NC_000001.11 28945 29343 399 29319 64 25.07 4.84 23.17 peak_1 
NC_000001.11 96589 96642 54 96592 29 4.77 2.23 3.14 peak_2 
NC_000001.11 104946 105030 85 104968 35 7.39 2.68 5.69 peak_3 
NC_000001.11 127528 127766 239 127722 36 7.86 2.75 6.16 peak_4 
NC_000001.11 191393 191659 267 191535 36 7.86 2.75 6.16 peak_5 
NC_000001.11 267929 268093 165 268003 126 79.80 9.45 77.66 peak_6 
NC_000001.11 502472 502869 398 502661 676 888.34 50.38 885.06 peak_7 
NC_000001.11 586096 586236 141 586201 167 123.85 12.50 121.59 peak_8 
NC_000001.11 623982 624111 130 624031 116 69.86 8.71 67.76 peak_9 
NC_000001.11 627561 627692 132 627597 98 31.33 4.16 29.39 peak_10 
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considered to be peaks that clearly show signal above background level, it was 

necessary to decide the cut off at which the q-value was depicting less pronounced 

peaks in the pooled dataset, that were not desired to be taken forward. This was 

achieved subjectively, by looking at many peaks with a range of -log q-values on the 

genome browser IGV, to see at which point the peaks were too small and flat to be 

included. 

 

It was decided that a -log q-value of 3 was the threshold for inclusion of a peak as this 

value provided enough peaks to have statistical power for further analyse, but also did 

not include peaks which were not considered to be robust or not clearly above 

background signal variation. The 231 336 peaks with a -log q-value greater than this 

were carried forward in the analysis. Figure 4.3.9 depicts the range of -log q-values 

investigated. Those far above 3 are large clear peaks that seem significant, whereas 

peaks with a -log q-value below 3 are flatter, smaller, less significant peaks that were 

excluded based upon this threshold.  
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Figure 4.3.9: Screenshots from IGV explaining the -log q-value chosen for the threshold 

of significance for the filtered ATAC seq data. A) A peak that had a -log q-value of 1.4, a 
long way below the threshold and depicts a small flat peak. B) A peak with a -log q-value of 

Screen shot chromosome Start of Peak End of Peak -log10(qvalue) comment 
A NC_000012.12 100516102 100516155 1.40107 Far below cut off 

B NC_000020.11 63949664 63950013 2.99288 Just outside cut off 

C NC_000006.12 129645399 129645503 3.00003 Just inside cut off 

D NC_000010.11 88152624 88153171 5529.54102 Far above cut off 

C 

A 

B 

D 
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2.9 so is just below the threshold. The peak is appearing quite flat and not large enough to be 
included, although it is near the boundary for inclusion. C) A peak with a -log q-value of 3.0 
and therefore included in the data analysis. It is a pronounced enough peak that is significant 
and above the threshold set. D) A peak with a -log q-value of 5529 which is very far above the 
threshold and depicts an extremely clear peak also included in the data analysis. The table 
summarises the peak location and -log q-value. 
 

 

Selecting Peaks with a Large Enough Number of Total Counts 

 

Following identification and labelling of the peaks present in the data, and filtering out 

of statistically insignificant peaks, the number of reads occurring beneath each peak 

for each ATAC seq sample was calculated. This was performed using HTseq count 

and generated a count matrix which displayed the number of reads present in each 

peak for each condition (Figure 4.3.10). The total count number was generated by 

combining the read number across all samples.  

 

Peaks which had a total count number greater than 30 were taken forward in the 

analysis. These represented larger peaks over regions of open chromatin. Peaks with 

fewer than 30 reads across all conditions were removed as they would be difficult to 

distinguish from background noise in the data. The threshold of 30 was chosen as it 

was sufficient to provide enough peaks to power downstream analyses. A stricter 

threshold of >30 resulted in too few peaks passing this filtering criteria, therefore upon 

dividing the peaks in later analyses there was not enough statistical power within the 

data as sample sizes were too small to generate significant outcomes. Consequently, 

the threshold was reduced to a total count of 30 to overcome this. 
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Figure 4.3.10: A section of a count matrix generated by HTseq count for the BJ5ta WT 

ATAC seq samples. The matrix shows the number of reads present beneath each peak across 
all BJ5ta WT ATAC seq samples. Peaks which contained more than 30 counts in total, upon 
summation of the number of read counts across all of the different conditions, were carried 
forward for further analysis. 
 

 

Library Size Corrections 

 

The total number of reads in a peak was then normalized into reads per million reads 

for each sample. First a pseudo count of 1 was added to each value to prevent issues 

of dividing by 0 in downstream analyses. Then each read count value was divided by 

the total reads per replicate and multiplied by 1,000,000.  

 

 

Utilising DESeq2 to Select Differentially Expressed Peaks 

 

The next step in selecting peaks was using DESeq2 to identify peaks with significantly 

different numbers of reads between the stimulated and unstimulated conditions. 

DESeq2 is a method for differential analysis of read count data that uses shrinkage 

estimation for dispersion and fold change143. It was expected that changes in the 

chromatin structure in response to IFNa stimulation would occur quickly, appearing 

within the 2 h or 4 h time frame, as substantial accumulation of ISG transcripts occurs 

within 4-6 h172.  
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An initial comparison was made between the 0 h and 2 h samples for the WT and 

PMLII KO BJ5ta cells using DESeq2. A total of 300 peaks were identified as 

significantly different (adjusted p-value < 0.05 Bonferoni correction) by DESeq2 for 

the WT BJ5ta cells and 76 significantly altered peaks found in the PMLII KO BJ5ta 

cells.  

 

DESeq2 was also run comparing the unstimulated samples to the 4 h IFNa stimulated 

samples for both the WT and PMLII KO cells. This produced 186 significantly altered 

peaks for the WT data and 47 peaks for the PMLII KO. The reduced number of peaks 

found in this comparison relative to the 0 to 2 h comparison would hold less statistical 

power in the downstream analysis due to the smaller sample size, but also suggested 

that the greater amount of change in the chromatin structure due to the IFNa, occurred 

within 2 h of stimulation.  

 

When comparing the peaks highlighted in the 0 h vs 4 h comparison to those identified 

in the 0 h vs 2 h comparison, 82 % of the WT peaks and 87 % of the PMLII KO peaks  

found in the 4 h comparison, were also present in the 0 h vs 2 h comparison data sets 

(Figure 4.3.11). As a result of this large overlap, and the greater number of peaks 

identified after 2 h, it was decided to focus on the peaks identified as significantly 

different between the unstimulated conditions and 2 h of IFNa stimulation. 
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Figure 4.3.11: A Euler diagram to display the overlapping peaks identified in each 

DESeq2 comparison. The table displays the different condition comparisons and the number 

of peaks within each overlap. Any overlaps among the four sets that are not shown contained 

zero genes. WT2h refers to the significantly different peaks identified in the 0 h vs 2 h WT 

cells DESeq2 comparison. WT4h refers to the significantly different peaks identified in the 0 

h vs 4 h WT cells DESeq2 comparison. KO2h refers to the significantly different peaks 

identified in the 0 h vs 2 h PMLII KO cells DESeq2 comparison. KO4h refers to the 

significantly different peaks identified in the 0 h vs 4h PMLII KO cells DESeq2 comparison. 

 

 

4.3.7 Replicate Comparison for Quality Control 

 

Scatter Plots 

 

To check the reliability and reproducibility of the data, the biological replicates were 

compared to each other by scatter plots173. If the replicates are comparable, the data 

should form a tight diagonal pattern on a log scale.  

 

The library size corrected counts data is stored in the DESeq2 output, and replicates 

were plotted against each other. The expected tight diagonal of data was seen for the 

majority of replicates compared, with the replicate data showing a positive linear 

correlation (Figure 4.3.12).  
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R2 = 0.96 

 

 

 

 

Figure 4.3.12: A log scale scatter plot showing good reproducibility between ATAC seq 

replicates. The normalised count data for replicate 1 and 2 of the WT BJ5ta cells with 2 h 
IFNa stimulation were plotted against each other to check the reproducibility of the data. A 
tight diagonal of data shows that the two replicates contained similar data and are therefore 
replicates were well-correlated with R2 = 0.96.  

 

The set of triplicates of WT BJ5ta cells stimulated for 4 h with IFNa however, showed 

a subset of outlying peaks present in analysis of replicate 1 that were not present in 

analysis of replicate 2 or 3 (Figure 4.3.13). These peaks form a side diagonal indicating 

that their measurement is jointly affected. Two lines were added to the graph and used 

to identify and capture the region containing the side diagonal (Figure 4.3.14). These 

peaks were then isolated and removed from the data set as they were only present in 

one of the three replicates, thus considered anomalous. This was confirmed by their 

chromosomal positions, as all of these peaks were confined to a small number of loci 

where these formed dense clusters. The genes associated with these peaks were 

identified using HOMER annotatePeaks and subsequently assessed for GO-terms. No 

functions, processes or cellular components were highlighted in this subset of peaks 

removed. 

 

Following identification of these anomalous peaks and their subsequent removal, the 

DESeq2 comparison was re-run to ensure the analysis was not being influenced by the 

presence of the anomalous peaks. All peaks originally identified were still present in 
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this second run of DESeq2 with 300 differential peaks still present for the BJ5ta WT 

comparison and 76 significant peaks for the PMLII KO cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.13: Identifying a side diagonal of anomalous peaks in the ATAC seq data. The 
normalised count data for each replicate of the WT BJ5ta cells with 4 h IFNa stimulation were 
plotted against each other in turn to compare the reproducibility of the data. Replicate 2 and 3 
produce a tight diagonal of data suggesting these data are reproducible. However, upon 
comparison of these replicates with replicate 1, a side diagonal of data occurred. This indicated 
the presence of some anomalous peaks in replicate 1. 
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Figure 4.3.14: Removing a side diagonal of anomalous peaks from the ATAC seq data. 

The normalised count data for replicate 1 and 2 of the WT BJ5ta cells with 4 h IFNa 
stimulation were plotted against each other and produce a main diagonal body of data however 
there was presence of a side diagonal within the data (A). This indicated the presence of some 
anomalous peaks in replicate 1 that needed to be removed from the data set. Through the use 
of two lines added to the plot to capture the area containing the side diagonal, the anomalous 
peaks were selected in green (B) and subsequently removed from all data sets resulting in a 
tight diagonal of reproducible data (C). 

 

 

A 

B 

C 
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Principal Component Analysis 

 

Principal component analysis (PCA) of all the samples was also conducted. PCA is 

used to find linear combinations of the original input and conducts linear 

transformations of the data to define a new feature known as principal component174. 

These principal components are then used to explain the variation in the data.  

 

PCA of the ATAC seq samples showed that 96% of the variation in the data was within 

principal component 1 (Figure 4.3.15) which divided the data based on cell type rather 

than on treatment. The PCA plot shows a division of all WT BJ5ta cell samples on one 

side and all PMLII KO BJ5ta cells on the other side of the plot. This suggests that the 

majority of the variation between the samples is a consequence of the PMLII KO by 

CRISPR rather than the addition of IFNa. 

 

The remaining principal components accounted for less variation in the data, with 

principal component 2 only explaining 1% of the variation in the data and principal 

component 3 explaining 1% of the variation. From the PCA plot in Figure 4.3.16, it 

appears that this 1% of variation shown in principal component 3 relates to the IFNa 

stimulation with the 2 h and 4 h stimulated samples on the bottom, and the 0 h 24 h 

and 24 h unstimulated samples on the top. This suggests that after 24 h of IFNa 

stimulation, the cells have responded and the response has subsided with the cells 

recovering back to resting conditions, therefore being similar to the unstimulated 

samples. There is however some small variance which makes it difficult to be certain 

this has happened. 
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Figure 4.3.15: Principal component analysis of all ATAC seq samples with principal 

component 1 and 2. Principal components 1 and 2 of the principal component analysis 
conducted on the ATAC seq samples. 96% of the variation is explained by principal 
component 1 and separates the data based on cell type.  
 

 
Figure 4.3.16: Principal component analysis of all ATAC seq samples with principal 

component 2 and 3. Principal components 2 and 3 of the principal component analysis 
conducted on the ATAC seq samples. 1% of the variation is explained by principal component 
3 and separates the data based on stimulation with IFNa. 
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4.3.8 Comparison of Peaks from the 0 h and 2 h IFNa Time Points 

 

Visualising the comparison of peaks present in the 0 h and 2 h IFNa time points helps 

identify the proportion of peaks that were significantly different between the two 

conditions. The average value for each peak across the three biological replicates, was 

used for these comparisons. 

 

 

Volcano Plots 

 

Volcano plots are a type of scatter plot used to visualise and identify upregulated and 

downregulated peaks and genes from large data sets by plotting fold change vs 

significance175. Using the normalised read count data for the WT and PMLII KO 

samples in the comparison of 0 h vs 2 h IFNa stimulation, volcano plots were 

generated. Figure 4.3.17A shows that there were 299 peaks with an increased read 

count in the WT cells upon addition of IFNa. These are represented by the points 

above the red line (threshold for significant accessibility, a p-value < 0.05) and to the 

righthand side of the blue lines (threshold for significant fold change, at least a 2-fold 

change). This was expected as upon addition of IFNa, ISGs and other immune 

response genes would have been activated resulting in more open regions being found 

in the chromatin and thus, larger peaks present in the ATAC seq data.  

 

There is however, only one peak that appears to show a decreased accessibility in the 

WT data set, represented by the single point present on the left-hand side of the blue 

lines and above the red line.  

 

Similarly, for the PMLII KO cells (Figure 4.3.17B), there were a number of peaks 

shown to have an increased read count upon IFNa addition with 76 peaks present on 

the righthand side above the red line and to the right of the blue lines. There were 

however fewer peaks in this region compared to the results obtained for the WT cells. 

There were also no peaks displaying a reduced accessibility in the PMLII KO cells 

with the single peak with reduced accessibility in the WT cells not present in the 

PMLII KO data set.  
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Figure 4.3.17: Volcano plots of the ATAC seq data to identify peaks with significant 

changes in fold accessibility. The 300 significantly different peaks (p-value <0.05) identified 
by DESeq2 for the comparison between 0 h vs 2 h IFNa stimulation in the WT BJ5ta cells (A) 
and the 76 significantly different peaks (p-value <0.05) for the PMLII KO BJ5ta cells (B). The 
red horizontal lines depict the statistical significance of accessibility threshold, p-value < 0.05. 
The blue vertical lines depict the significance threshold for fold change, 2-fold change. Points 
on the right above the red line and to the right of the blue line are considered to show increased 
accessibility following IFNa stimulation. Points on the left above the red line and to the left 
of the blue lines are considered to show a decrease in accessibility following IFNa stimulation. 
 

 

XY Plots 

 

XY plots were also generated using the normalised counts data stored in the DESeq2 

output for the comparisons of 0 h vs 2 h IFNa stimulation for both the WT and PMLII 

KO BJ5ta cells. XY plots are scatter graphs which plot the two conditions against each 

other and subsequently enable peaks that have significantly changed between the two 

WT 0h vs 2h volcano plot 

KO 0h vs 2h volcano plot 

A 

B 
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conditions to be highlighted. Here, the 0 h data was plotted against the 2 h IFNa data 

(Figure 4.3.18) with significantly different peaks (p-value < 0.05) coloured in red. The 

data for the WT BJ5ta cells indicated 298 peaks were upregulated after 2 h of IFNa 

stimulation compared to the 0 h timepoint. There were only two peaks that were 

considered to be downregulated in the data set, shown below the main diagonal of the 

data. For the PMLII KO BJ5ta cells, there were 76 peaks showing an increased 

accessibility in the comparison of the 0 h to the 2 h IFNa data. There were no 

significantly decreased peaks found in the PMLII KO cells when comparing the data 

from 0 h to 2 h of IFNa.  

 

      
 

 
Figure 4.3.18: XY scatter plots of the normalised counts data for the DESeq comparison 

of 0 h to 2 h IFNa stimulation ATAC seq samples, to highlight differential peaks. The 
significantly different peaks (red, p-value <0.05) identified by DESeq2 for the comparison 
between 0 h vs 2 h IFNa stimulation in the WT BJ5ta cells (A) and the PMLII KO BJ5ta cells 
(B). Averages across three biological replicates are shown. 

A 

B 
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4.3.9 Clustering the ATAC Seq Data 

 

Clustering is a process used to try and identify underlying structures within a data set. 

K-means clustering is a frequently used partitioning clustering method that subsets 

data into a predetermined number of clusters. It assesses each data point in turn and 

assigns it to a cluster to give tight groups of data. K-means uses the sum of squares 

distances from the centre point of each cluster to determine which cluster a data point 

belongs to. K-means works to minimise the sum over the clusters and the sum of data 

points that belong in each cluster176.  

 

To determine the optimal number of clusters for a data set, an elbow plot is produced. 

This graph plots increasing numbers of clusters against the within group sum of 

squares which is a measure of the square distances within each cluster. As the number 

of clusters increases, the within group sum of squares decreases and the data in each 

cluster become closer176. A steep gradient shows that the fit of the data improves 

quickly as the number of clusters increases, which is consistent with a better fit to the 

signal within the data. A shallow gradient with subdivision into smaller clusters is a 

result of too much structure being added and only a small improvement in the fit is 

occurring as the cluster number increases. During this portion of the plot, the additional 

clusters appear to be fitting noise and not the signal. The point at which the graph 

transitions from steep to shallow gradient is termed the “elbow” and represents an 

optimal number of clusters which fits the signal in the data without capturing too much 

noise. Figure 4.3.19 shows the elbow plot obtained for the peaks with significantly 

different numbers of reads in the 0 h vs 2 h DESeq2 comparison, for the WT and 

PMLII KO ATAC seq data. The optimal number of clusters identified for the WT data 

was four and for the PMLII KO data set was three.  
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Figure 4.3.19: Elbow plots of significant, differential peaks for WT and PMLII KO BJ5ta 

ATAC seq data. The within groups sum of squared distances from the centre of each cluster 
were calculated for an increasing number of clusters. The point at which the graph transitions 
from a steep gradient to a shallow gradient is the “elbow” and identifies the optimal number 
of clusters required to capture the underlying signal in the data without over-fitting an 
excessive number of clusters to the data. The significant, differential peaks from the WT BJ5ta 
ATAC seq 0 h vs 2 h comparison were used to generate the left plot and four clusters were 
selected. The significant, differential peaks from the PMLII KO BJ5ta ATAC seq 0 h vs 2 h 
comparison were used to generate the right plot and three clusters were selected. 
 

 

4.3.10 Visualisation of the Clusters Using Heatmaps 

 

Heatmaps are a method used to visualise data in a way that is easier to explain and 

communicate to others through the use of colours173. They divide the data into different 

colours based upon level of accessibility in this instance, with darker more red colours 

indicating a bigger peak count/accessibility and the paler yellow colours a lower peak 

count/accessibility. 

 

The heatmaps produced for the significantly different peaks identified by DESeq2 in 

the comparison of the 0 h and 2 h ATAC seq samples are shown in Figure 4.3.20. 

Visualising the data in this way indicated that, although all timepoints were used in 

the clustering, the clusters were dividing the data based upon degree of openness rather 

than temporal trajectory. For the WT data, cluster 1 contained peaks that were very 

slightly open, cluster 2 contained large peaks associated with very open chromatin 

regions, cluster 3 showed more closed regions of chromatin and cluster 4 was an 

intermediate openness of chromatin associated with smaller peaks.  

 

WT data 
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Similarly, for the PMLII KO BJ5ta data, cluster 1 contained more closed regions of 

chromatin and peaks that were very small, cluster 2 were peaks with medium counts 

and refers to chromatin that is slightly open and cluster 3 contained active regions of 

chromatin with larger peaks.  

 
Figure 4.3.20: Heatmaps to visualise the clustering of the ATAC seq data. Significant 
differentially expressed peaks for the WT BJ5ta (A) ATAC seq 0 h vs 2 h comparison 
visualised as a heatmap, and the significant, differentially expressed peaks from the PMLII 
KO BJ5ta (B) ATAC seq 0 h vs 2 h comparison visualised as a heatmap. Peaks within each 
cluster are plotted against the time points. 
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This original clustering divided the data based primarily on how open the chromatin 

was throughout all time points. However, the investigation was trying to identify 

changes to regions of chromatin over a time course in the presence and absence of 

PMLII with or without stimulation. The heatmaps suggest that there was a temporal 

pattern present in the data given the signal appeared to increase from 0 h to 2-4 h and 

then decrease again in many cases. To enable the data to be assessed for temporal 

patterns, scaling was necessary. 

 

 

4.3.11 Identification of Temporal Patterns 

 

To search for differences in temporal patterns in the data, it was necessary to group 

genes that showed the same changes over time, irrelevant of the overall openness. For 

example, all regions of chromatin that opened after 2 h and closed again at 24 h, needed 

to be grouped together even if some of these genes had smaller peaks than others. By 

scaling the data, it made it possible to look at the temporal changes instead of just the 

openness of the chromatin. 

 

The data were individually scaled by setting the maximum value to 100 and the 

minimum value to 0. All intermediate values were then relatively scaled between the 

two extremes. Such strict scaling was possible because only significant differentially 

expressed peaks were present in the data. The scaling could not have been performed 

on all the data prior to the DESeq2 selection of peaks as it would have skewed small 

changes and made them appear significant.  

 

The k-means clustering was then performed again on the scaled data resulting in 

formulation of three WT clusters and three PMLII KO clusters. Heatmaps were then 

generated to visualise the data and reveal these distinct clusters with different temporal 

patterns (Figure 4.3.21). The heatmaps revealed that almost all the peaks had a 

relatively low read count at 0 h and then the chromatin regions opened into an activated 

state 2 h post stimulation for both the WT and PMLII KO data sets. It was, however, 

the speed at which these regions closed again that determined which cluster they were 

assigned too.  
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Figure 4.3.21: Heatmaps to visualise the clustering of the scaled ATAC seq data. 
Significant differential peaks for the WT BJ5ta (A) or the PMLII KO BJ5ta (B) ATAC seq 0 
h vs 2 h comparison after scaling was performed on the data, visualised as a heatmap. Peaks 
within each of the clusters are plotted against the time points. 
 

 

In the WT data, cluster 1 comprises a set of peaks which closed very slowly, remaining 

altered 24 h after the IFNa stimulation. WT cluster 3 contains the peaks that opened 

fast but closed rapidly, with some regions of chromatin starting to reclose at 4 h. 

Cluster 2 for the WT data is in between these clusters, having an intermediate closing 
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speed with peaks representing regions of chromatin that had reclosed by the 24 h 

timepoint.  

 

The PMLII KO data cluster 2 comprised peaks that closed very quickly, with all peaks 

beginning to close at the 4 h timepoint. Cluster 3 represents regions of chromatin that 

opened quickly and began to inactivate by 24 h. The final PMLII KO cluster 1 contains 

peaks that displayed a temporal pattern between these two clusters, with opening by 

the 2 h timepoint that persisted through the 4 h timepoint but which had reverted to a 

closed state by 24 h after the IFNa stimulation. 

 

There are fewer peaks within the PMLII KO data set than the WT data. However, the 

proportion of peaks within each temporal cluster is quite similar between the two 

heatmaps, with the majority of peaks representing regions of chromatin that returned 

to a closed state at a medium rate, and the smallest cluster, with fewest peaks, contains 

those that had a much slower rate of closure.  

 

 

4.3.12 Gene Ontology Term Enrichment Analysis of the Temporal Clusters 

 

To investigate the differences seen in these temporal patterns and to elucidate any 

associated functions or transcription factor binding sites contained within each cluster 

of genes, GO term analysis and motif enrichment analysis were conducted. Gene 

Ontology (GO) term enrichment analysis is often conducted upon gene sets to identify 

any over-represented function or processes within the gene list compared to a 

background population of genes. 

 

To convert the ATAC seq peaks data into a gene list that would enable GO term 

analysis to be conducted, the HOMER script annotatePeaks.pl was used144. This script 

comprises an all–in-one program to annotate the peaks by associating them with 

nearby genes. The process of annotating peaks by HOMER, uses two primary steps, 

the first of which identifies the distance to the nearest transcriptional start site (TSS) 

and then assigns the peak to the associated gene. The second step determines the 

genomic annotation for the region found under the centre of the peak to help identify 

important genomic features144.  
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Assessing each cluster in turn, each peak was annotated with a gene name. These lists 

were then subjected to GO term analysis using CPDB146 which produced a list of 

significantly enriched GO terms present in each cluster. The top 10 GO terms for each 

cluster are presented in Table 4.3.6, with similar colours used for similar GO terms 

where practically possible. 
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gene ontology terms for WT cluster 1 (n = 63) set 
size 

candidates 
contained p-value q-value 

GO:0060337   type I interferon signaling pathway 91 10 (11.0%) 1.47E-14 1.48E-12 

GO:0034340   response to type I interferon 95 10 (10.5%) 2.29E-14 1.48E-12 

GO:0035456   response to interferon-beta 33 7 (21.2%) 1.30E-12 5.58E-11 

GO:0051607   defense response to virus 241 10 (4.1%) 2.65E-10 3.44E-08 

GO:0051707   response to other organism 1020 16 (1.6%) 9.02E-10 4.38E-08 

GO:0043207   response to external biotic stimulus 1022 16 (1.6%) 9.28E-10 6.03E-08 

GO:0009607   response to biotic stimulus 1053 16 (1.5%) 1.44E-09 4.38E-08 

GO:0009615   response to virus 326 10 (3.1%) 4.91E-09 2.13E-07 

GO:0098542   defense response to other organism 590 11 (1.9%) 1.06E-07 1.29E-05 

GO:0019221   cytokine-mediated signaling pathway 738 12 (1.6%) 1.37E-07 1.29E-05 
 

 

gene ontology terms for WT cluster 2 (n = 128) set 
size 

candidates 
contained p-value q-value 

GO:0051607   defense response to virus 241 17 (7.1%) 4.60E-16 6.53E-14 

GO:0009615   response to virus 326 18 (5.5%) 4.25E-15 3.02E-13 

GO:0034340   response to type I interferon 95 11 (11.6%) 4.10E-13 4.32E-11 

GO:0048525   negative regulation of viral process 96 11 (11.5%) 4.62E-13 4.32E-11 

GO:0043900   regulation of multi-organism process 378 17 (4.5%) 7.49E-13 3.54E-11 
GO:0043903   regulation of symbiosis, encompassing 
mutualism through parasitism 206 13 (6.3%) 7.03E-12 1.60E-09 
GO:0043901   negative regulation of multi-organism 
process 175 12 (6.9%) 1.81E-11 2.06E-09 

GO:0050792   regulation of viral process 179 12 (6.7%) 2.36E-11 1.47E-09 

GO:0006952   defense response 1714 29 (1.7%) 9.73E-11 2.94E-09 

GO:0045087   innate immune response 958 22 (2.3%) 1.04E-10 2.94E-09 
 

 

gene ontology terms for WT cluster 3 (n = 109) set 
size 

candidates 
contained p-value q-value 

GO:0051607   defense response to virus 241 13 (5.4%) 1.40E-11 2.20E-09 

GO:0009615   response to virus 326 13 (4.0%) 5.92E-10 4.65E-08 

GO:0098542   defense response to other organism 590 14 (2.4%) 7.17E-08 1.89E-05 

GO:0051707   response to other organism 1020 18 (1.8%) 7.94E-08 4.50E-06 

GO:0043207   response to external biotic stimulus 1022 18 (1.8%) 8.18E-08 4.28E-06 

GO:0009607   response to biotic stimulus 1053 18 (1.7%) 1.29E-07 4.50E-06 

GO:0034340   response to type I interferon 95 6 (6.3%) 2.34E-06 0.000396 

GO:0045087   innate immune response 958 15 (1.6%) 4.89E-06 0.000192 

GO:0009605   response to external stimulus 2479 25 (1.0%) 7.63E-06 0.000178 

GO:0035456   response to interferon-beta 33 4 (12.1%) 9.25E-06 0.000781 
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gene ontology terms for PMLII KO cluster 1 (n = 32) set 
size 

candidates 
contained p-value q-value 

GO:0035456   response to interferon-beta 33 5 (15.2%) 4.42E-10 3.94E-08 

GO:0060337   type I interferon signaling pathway 91 6 (6.6%) 1.17E-09 4.51E-08 

GO:0034340   response to type I interferon 95 6 (6.3%) 1.52E-09 4.51E-08 

GO:0051707   response to other organism 1020 11 (1.1%) 1.01E-08 3.52E-07 

GO:0043207   response to external biotic stimulus 1022 11 (1.1%) 1.03E-08 5.33E-07 

GO:0051607   defense response to virus 241 7 (2.9%) 1.25E-08 5.33E-07 

GO:0009607   response to biotic stimulus 1053 11 (1.1%) 1.41E-08 3.52E-07 

GO:0045087   innate immune response 958 10 (1.1%) 8.00E-08 2.12E-06 

GO:0009615   response to virus 326 7 (2.1%) 9.96E-08 2.12E-06 

GO:0034341   response to interferon-gamma 200 6 (3.0%) 1.33E-07 2.95E-06 
 

gene ontology terms for PMLII KO cluster 2 (n =23) set 
size 

candidates 
contained p-value q-value 

GO:0051607   defense response to virus 241 8 (3.3%) 2.07E-11 1.39E-09 

GO:0034340   response to type I interferon 95 6 (6.3%) 2.15E-10 1.07E-08 

GO:0009615   response to virus 326 8 (2.5%) 2.30E-10 7.71E-09 

GO:0060337   type I interferon signaling pathway 91 5 (5.5%) 1.70E-08 3.55E-07 

GO:0098542   defense response to other organism 590 8 (1.4%) 2.10E-08 1.64E-06 

GO:0035456   response to interferon-beta 33 4 (12.1%) 2.13E-08 3.55E-07 

GO:0051707   response to other organism 1020 9 (0.9%) 8.94E-08 2.30E-06 

GO:0043207   response to external biotic stimulus 1022 9 (0.9%) 9.10E-08 2.03E-06 

GO:0009607   response to biotic stimulus 1053 9 (0.9%) 1.18E-07 2.30E-06 

GO:0002252   immune effector process 1287 9 (0.7%) 6.62E-07 8.61E-06 
 

gene ontology terms for PMLII KO cluster 3 (n = 21) set 
size 

candidates 
contained p-value q-value 

GO:0051607   defense response to virus 241 10 (4.1%) 1.27E-14 1.00E-12 

GO:0009615   response to virus 326 10 (3.1%) 2.63E-13 1.04E-11 

GO:0019221   cytokine-mediated signaling pathway 738 11 (1.5%) 2.92E-11 3.62E-09 

GO:0071345   cellular response to cytokine stimulus 1046 12 (1.1%) 5.09E-11 4.58E-09 

GO:0098542   defense response to other organism 590 10 (1.7%) 7.72E-11 4.79E-09 

GO:0034097   response to cytokine 1133 12 (1.1%) 1.29E-10 5.33E-09 

GO:0060337   type I interferon signaling pathway 91 6 (6.6%) 3.42E-10 1.33E-08 

GO:0034340   response to type I interferon 95 6 (6.3%) 4.45E-10 1.33E-08 

GO:0006952   defense response 1714 13 (0.8%) 8.04E-10 2.12E-08 

GO:0045087   innate immune response 958 10 (1.1%) 9.03E-09 1.78E-07 
Table 4.3.6: GO term analysis of the annotated peaks present in each scaled ATAC seq 

cluster. Peaks contained within each cluster were annotated using HOMER to assign gene 
names to each peak. These gene lists were then assessed by GO term analysis using CPDB. 
The top 10 GO terms identified for each of the 3 WT and 3 PMLII KO scaled clusters are 
shown. 
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Many of the GO terms identified were common across all of the clusters for both the 

WT and the PMLII KO data. One of the main themes highlighted within each cluster 

was “response to type I interferon”. This indicates that the stimulation process was 

effective and that it did elicit a response in the cells. Another GO term that occurred 

across all clusters was “defence response to virus”, again confirming the stimulus was 

successful.  

 

With respect to elucidating any underlying function or process unique to any of the 

clusters and different temporal patterns previously identified, the comparison of the 

top 10 GO terms among the different temporal clusters did not reveal any cluster 

specific processes or functions. To try and interrogate the data further, the top 20 GO 

terms were assessed with any terms common to two or more clusters removed. These 

cluster specific remaining GO terms are shown in Table 4.3.7. Although the exact GO 

terms IDs were now cluster specific, there were common themes present within many 

of the GO terms across the clusters. For example, WT cluster 1 contains the unique 

GO term “GO:0035455 response to interferon-alpha” however, all of the clusters still 

retained a GO term connected to the interferon response. Similarly, GO terms relating 

to the innate immune response were present in multiple clusters under slightly different 

GO term IDs. When these similar GO terms were also removed, GO terms relating to 

cytokines were the only terms left for WT cluster 1 and PMLII KO cluster 1. WT 

cluster 2 and PMLII KO cluster 2 only contained GO terms connected to symbiosis. 

This is not a function expected from either BJ5ta cell lines therefore the interpretation 

of this statistical signal is unclear at present. WT cluster 3 contains broad GO terms 

connected to signalling pathways and PMLII KO cluster 3 shows GO terms for stress 

response and cellular response to organic substances. 
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Table 4.3.7: Cluster specific GO terms from the GO term analysis of the annotated peaks present in each scaled ATAC seq cluster. Comparing the top 
20 significant GO terms for each cluster, identical GO terms found in more than one cluster were removed. The remaining GO terms are therefore unique to 
each cluster. 

WT cluster 1 WT cluster 2 WT cluster 3 

GO:0019221   cytokine-mediated signalling pathway GO:0043903   regulation of symbiosis, encompassing 

mutualism through parasitism 

GO:0071359   cellular response to dsRNA 

GO:0071345   cellular response to cytokine stimulus GO:0043901   negative regulation of multi-organism process GO:0046875   ephrin receptor binding 

GO:0035455   response to interferon-alpha GO:0050792   regulation of viral process GO:0046834   lipid phosphorylation 
 

GO:0019079   viral genome replication GO:0043491   protein kinase B signalling 
 

GO:0044419   interspecies interaction between organisms GO:0035556   intracellular signal transduction 
 

GO:0006955   immune response 
 

 
GO:0044403   symbiont process 

 

 
 

 

KO cluster 1 KO cluster 2  KO cluster 3  

GO:0001817   regulation of cytokine production GO:0003723   RNA binding GO:0006950   response to stress 

GO:0032479   regulation of type I interferon production GO:0019079   viral genome replication GO:0006955   immune response 

GO:0032606   type I interferon production GO:0043901   negative regulation of multi-organism process GO:0060333   interferon-gamma-mediated 

signalling pathway 

GO:0035455   response to interferon-alpha GO:0043903   regulation of symbiosis, encompassing mutualism 

through parasitism 

GO:0071310   cellular response to organic 

substance 
 

GO:0050792   regulation of viral process  
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4.3.13 Motif Enrichment Analysis 

 

Motif Enrichment Analysis (MEA) is an important tool in identifying regulatory 

elements present within DNA to try and unravel the mechanisms behind gene 

transcriptional regulation. MEA works by identifying short DNA sequences known as 

motifs, that are considered to be transcription factor binding sites. Upon comparison 

of a test gene set to a background data set, it is possible to use MEA to elucidate motifs 

that are enriched in the gene set and therefore deduce a biochemical function 

thereafter177.  

 

For each cluster of peaks, de novo MEA was conducted on the subset of peaks that 

were annotated to genes whose chromatin changed upon IFN stimulation. A 

background data set consisting of all annotated peaks identified in the ATAC seq 

experiment was used as a reference. This analysis aimed to elucidate any enriched 

cluster-specific transcription factor binding sites present, without the use of prior 

knowledge regarding motif sequences. Should any motifs be unique to a cluster, this 

would suggest a temporal pattern was connected to the biochemical function inferred. 

 

To perform MEA on the ATAC seq data, the HOMER script findMotifsGenome.pl 

was used to analyse the motifs in genomic regions under each peak. HOMER 

comprises of a novel motif discovery algorithm developed to identify regulatory 

elements within DNA in an automated manner. This enables the user to use HOMER 

to compare two sets of sequences and identify enriched motifs present in the test set. 

This is done with the use of a zero or one occurrence per sequence scoring system 

combined with a hypergeometric enrichment calculation to define motif enrichment.  

 

One downside if that HOMER has a limitation that is associated with the p-value 

threshold for significance. Under most statistical circumstances, a p-value of 0.05 or 

less would often be considered significant, however, a flaw in the HOMER algorithm 

can generate p-values much lower than 0.05 from random samples of the background 

data, therefore making the cut off of 0.05 too large. Suspected false positives are 

labelled with a red asterisk in the HOMER results. To obtain a more accurate cut off 

for significance, five random samples of the background set, each containing the same 

number of peaks as each test sample were analysed through MEA (Figure 4.3.22) and 
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the smallest p-value obtained for these random samples was used as the p-value 

threshold for significance for the relevant temporal cluster178; motifs significantly 

enriched in each cluster peak set by this criterion are shown in Table 4.3.8. The use of 

this method to ascertain a threshold for significance to filter the data worked 

effectively for the majority of the MEA. The cut off determined was often in agreeance 

with the HOMER results in identifying the occurrence of possible false positive 

results, and subsequently, these were excluded from the results. However, in some 

experiments, the p-value threshold obtained from the random samples was less strict 

than that applied by HOMER and included some results deemed by HOMER to be 

possible false positives. Furthermore, some experiments obtained a lower p-value 

threshold from the random samples of background and excluded some motifs that 

HOMER had not identified as possible false positives. In previous work it was found 

that a limited number of random samples from the background data set were sufficient 

to obtain an improved threshold for significance178 compared to the false positive 

correction of HOMER. This was the method utilised for this analysis, with five random 

samples assessed. 
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Figure 4.3.22: Calculating the p-value threshold for significance using random samples 
of background data assessed by HOMER de novo motif enrichment analysis. The 
background data consisted of all peaks that had an annotated gene, identified across the whole 
genome in the ATAC seq experiment. Random sample sizes corresponded to the number of 
peaks (n) present in each WT cluster (A) and PMLII KO cluster (B). The p-values obtained 
for the 5 random samples were plotted. The lowest p-value obtained from these random 
samples was set as the true threshold for significance generated by HOMER de novo MEA. 
Only motifs with a p-value lower than this designated threshold were considered to be 
significant.  
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Table 4.3.8: The significantly enriched motifs identified by HOMER de novo motif enrichment analysis for each cluster. The motifs that were identified 
as enriched in each WT cluster (A) and in the PMLII KO clusters (B) when compared to all annotated peaks identified in the whole genome as background, 
using HOMER findMotifsGenome.pl. 

A 

B 



Chapter 4: Chromatin changes during the interferon response in BJ5ta cells 

 167 

For the WT BJ5ta data, the most significant motifs identified by HOMER de novo 

MEA across all three clusters were ISRE(IRF) motifs, which is the interferon 

stimulated response element. This confirms that the IFNa treatment was successful in 

activating an immune response, and indicates that many ISGs have been activated, 

with ISGs constituting 50 - 60% of the peaks within each cluster. Although this is 

useful to confirm the success of the stimulation, it is somewhat disappointing when 

trying to identify cluster-specific transcription factor binding sites. 

 

For WT cluster 1 containing the regions of chromatin that opened quickly and 

remained open at 24 h, the ISRE motif was the only significant motif identified. 

Although this motif is the top ranked motif for WT cluster 2 and 3, there are however, 

other motifs identified which are cluster specific. WT cluster 2, containing regions of 

chromatin with the ‘medium-closing’ temporal pattern, was shown to be enriched for 

MZF1, Ascl2 and Irf4 in addition to ISRE. For the ‘fast-closing’ WT cluster 3, there 

was an enrichment of Obox6 and ERG(ETS)/VCap identified. These additional motifs 

enriched in WT cluster 2 and 3 are specific to these clusters as they did not occur in 

the MEA of the other clusters, neither above nor below the significance threshold 

applied.  

 

The MEA of the PMLII KO BJ5ta ATAC seq data only identified one significant motif 

across all 3 clusters: IRF3 in the largest PMLII KO cluster, cluster 1. The IRF3 motif 

contains a very similar sequence to that seen in the ISRE motif identified in the WT 

data. This difference is a result of using the de novo setting of HOMER, which names 

motifs based on the sequences detected, rather than searching for known motif 

sequences in the data. The presence of this IRF3 motif indicates that the IFNa 

stimulation was also effective in the PMLII KO BJ5ta cells, although it only affected 

a much smaller set of genes in these cells than the WT BJ5ta cells. 

 

There were only 76 peaks/genes in total for the PMLII KO data which made it difficult 

to have strong statistical power with the MEA using clusters containing less than 30 

genes. This reduced number of peaks/genes may have been a consequence of the 

PMLII KO resulting in the loss of many genes being able to efficiently respond to 
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IFNa. To increase the possibility of being able to draw more statistically significant 

results from the data, more peaks/genes would need to be assessed within each cluster.  

 

 

4.3.14 Increasing the Peak Number to Improve Statistical Power and Try to 

Identify Any Further Signal in the Data 

 

An alternative method for peak selection was utilised to try and increase the number 

of peaks/genes present in the final clusters. Instead of only choosing peaks with an 

adjusted p-value of 0.05 or less using DESeq2, the top 500 peaks ranked by p-value 

were selected. Therefore, instead of only having 300 peaks and 76 peaks identified for 

the WT and PMLII KO data sets respectively, there were now 500 peaks in both. This 

was done in an attempt to identify relevant changes in the epigenome that may have 

been labelled as statistically insignificant. The peaks were then scaled and analysed by 

k-means clustering in the same way as previously described, to try to identify 

underlying clusters of differing temporal patterns within these larger data sets. This 

gave rise to 4 WT clusters and 5 PMLII KO clusters which were then visualised in a 

heatmap (Figure 4.3.23).  

 

Similar to the previous analysis there were distinct temporal patterns in the data. 

Clusters 1, 2 and 3 in the WT data were similar to the clusters seen in Figure 4.3.21, 

all opening quickly by 2 h of stimulation and then varying in speed at which the 

chromatin closed again. WT cluster 1 genes remained open at 24 h whereas WT cluster 

2 genes were closed again by 24 h. The third WT cluster contained genes which had 

started to close by 4 h and were fully closed by 24 h. Increasing the peak number for 

analysis to 500 generated a fourth cluster in the WT data set which contained 

peaks/genes that were already open before stimulation and then closed 2 h after the 

addition of the IFNa. These regions then started to open again at 4 h and returned to 

their fully open state by 24 h. 
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Figure 4.3.23: Heatmaps to visualise the clustering of the top 500 scaled peaks from the 

ATAC seq data. The top 500 most significant peaks based upon raw p-value, for the WT 
BJ5ta (A) or PMLII KO BJ5ta (B) ATAC seq 0 h vs 2 h DESeq2 comparisons after scaling 
was performed on the data, visualised as heatmaps of chromatin openness (depth of colour). 
Each peak is represented as a vertical line across the four time points, coloured for openness 
as above, and grouped into clusters (numerical indication below heat map). 
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Since the proportional increase in the number of PMLII KO peaks analysed was much 

greater than for the WT data set (as planned), the additional 424 peaks/genes resulted 

in two more clusters being generated. PMLII KO cluster 3 and 4 displayed a similar 

pattern to that seen in cluster 1 (‘slow off’) and cluster 2 (‘fast off’) in the more 

restricted PMLII KO peak set (Figure 4.3.21). The temporal patterns shown in PMLII 

KO clusters 1, 2 and 5 were not detected in the initial analysis of the restricted PMLII 

KO data set (Figure 4.3.21). PMLII KO cluster 1 contained regions of chromatin that 

were open prior to stimulation, then became less open from 2 to 4 h after the addition 

of IFNa before reverting back to open by 24 h. PMLII KO cluster 2 peaks/genes were 

moderately open prior to stimulation and did not change upon stimulation until the 24 

h timepoint when these genes appeared to close. The final cluster, PMLII KO cluster 

5 displayed a temporal pattern indicative of a slow activation, but also starts more 

open, with genes gradually opening further with time of stimulation.  

 

Additionally, PMLII KO cluster 1 from the original data analysis, showing a temporal 

pattern of closed chromatin at 0 h which is open at 2 and 4 h, but fully closed again at 

24 h, was not identified as a separate cluster in the second round of analysis. This was 

unexpected as these peaks were still within the data set containing the 500 peaks. It 

appeared that the 76 peaks present in the original PMLII KO clusters 1-3 have been 

merged together and become new PMLII KO clusters 3 and 4. There is however, 242 

peaks present within new PMLII KO clusters 3 and 4, indicating that increasing the 

peak number used in the analysis to 500, did provide extra information by 

incorporating 166 more peaks to these clusters. The addition of 500 peaks may also 

however, have caused the original three previously distinct temporal patterns to 

become merged into two clusters.  

 

To investigate whether the extra clusters, generated as a result of increasing the total 

number of peaks, enabled the analysis to capture more information regarding the 

underlying temporal structure within the data, motif enrichment analysis and GO term 

analysis was conducted. 
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4.3.15 Gene Ontology Term Enrichment Analysis of the Temporal Clusters 

Generated from the Top 500 Peaks 

 

Both sets of 500 peaks were annotated with nearby genes utilising HOMER as 

previously described (Section 4.3.11). These genes were then analysed for common 

GO terms, conducted again using CPDB. The ten most significant GO terms identified 

for the four WT and five PMLII KO clusters are shown in Table 4.3.9, with similar 

colours used for similar GO terms where possible. 

 

Many of the top GO terms identified for the WT clusters 1 – 3 were connected to IFN 

signalling, viral defence and the innate immune response. This result is very similar to 

the GO term enrichment analysis on the original 300 peaks. Again, the GO terms were 

similar across these three WT clusters, not indicating any cluster-specific functions or 

processes. WT cluster 4 however, indicated genes annotated with GO terms relating 

to the binding of nucleotides, ATP and drugs. These were specific GO terms identified 

only in WT cluster 4, although their associated p-values were quite high when 

compared to the p-values obtained for the GO terms connected to the innate immune 

response or viral defence seen in the other three clusters. However, this result is still 

significant, and the higher p-values may be attributed to the smaller cluster size of WT 

cluster 4. 

 

PMLII KO clusters 3 and 4 also revealed similar GO terms pertaining to viral response 

and IFN signalling as seen with the clusters generated from the original 76 peaks. 

However, the increased number of peaks in the analysis identified further GO terms. 

GO term analysis on the novel PMLII KO clusters 1, 2 and 5 revealed similar GO 

terms linked to heart development and cardiac muscle. The p-values associated with 

these GO terms, however, were not as strong as those seen for terms associated with 

PMLII KO clusters 3 and 4.  
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gene ontology terms WT cluster 2 (n = 178) set 
size 

candidates 
contained p-value q-value 

GO:0051607   defense response to virus 241 23 (9.5%) 1.42E-20 3.00E-18 

GO:0009615   response to virus 326 24 (7.4%) 8.66E-19 9.18E-17 

GO:0006952   defense response 
171
4 44 (2.6%) 2.36E-16 1.66E-14 

GO:0098542   defense response to other organism 590 27 (4.7%) 4.96E-16 1.78E-13 

GO:0045087   innate immune response 958 31 (3.3%) 3.97E-14 2.10E-12 

GO:0048525   negative regulation of viral process 96 13 (13.5%) 4.80E-14 1.30E-11 

GO:0043900   regulation of multi-organism process 378 20 (5.3%) 4.60E-13 1.95E-11 

GO:0009607   response to biotic stimulus 
105
3 31 (3.0%) 5.17E-13 4.86E-11 

GO:0051707   response to other organism 
102
0 30 (3.0%) 1.35E-12 6.35E-11 

GO:0043207   response to external biotic stimulus 
102
2 30 (3.0%) 1.42E-12 5.02E-11 

 

gene ontology terms for WT cluster 3 (n = 151) set 
size 

candidates 
contained p-value q-value 

GO:0051607   defense response to virus 241 11 (4.6%) 4.40E-08 9.25E-06 

GO:0009615   response to virus 326 12 (3.7%) 1.10E-07 1.15E-05 

GO:0034340   response to type I interferon 95 7 (7.4%) 5.77E-07 0.000116 

GO:0034341   response to interferon-gamma 200 9 (4.5%) 8.93E-07 0.000116 

GO:0006952   defense response 1714 24 (1.4%) 3.81E-06 0.000266 
GO:0060333   interferon-gamma-mediated signaling 
pathway 90 6 (6.7%) 6.88E-06 0.000477 

GO:0060337   type I interferon signaling pathway 91 6 (6.6%) 7.34E-06 0.000477 

GO:0048525   negative regulation of viral process 96 6 (6.2%) 1.00E-05 0.00052 

GO:0051707   response to other organism 1020 17 (1.7%) 1.36E-05 0.000847 

GO:0043207   response to external biotic stimulus 1022 17 (1.7%) 1.40E-05 0.000735 
 

gene ontology terms WT cluster 1 (n =159) set 
size 

candidates 
contained p-value q-value 

GO:0060337   type I interferon signaling pathway 91 13 (14.3%) 4.29E-15 1.02E-12 

GO:0034340   response to type I interferon 95 13 (13.7%) 7.66E-15 1.02E-12 

GO:0051607   defense response to virus 241 15 (6.2%) 7.44E-12 1.43E-09 

GO:0035456   response to interferon-beta 33 8 (24.2%) 1.06E-11 9.38E-10 

GO:0009615   response to virus 326 16 (4.9%) 5.08E-11 4.88E-09 

GO:0048525   negative regulation of viral process 96 10 (10.4%) 1.79E-10 1.19E-08 

GO:0043900   regulation of multi-organism process 378 15 (4.0%) 3.95E-09 2.53E-07 

GO:0051707   response to other organism 1020 23 (2.3%) 9.76E-09 6.22E-07 

GO:0043207   response to external biotic stimulus 1022 23 (2.3%) 1.01E-08 4.86E-07 

GO:0009607   response to biotic stimulus 1053 23 (2.2%) 1.78E-08 6.22E-07 
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gene ontology terms for WT cluster 4 (n = 12) set 
size 

candidates 
contained p-value q-value 

GO:0005524   ATP binding 1490 3 (0.2%) 0.00408 0.0163 

GO:0030554   adenyl nucleotide binding 1560 3 (0.2%) 0.00466 0.00466 

GO:0004674   protein serine/threonine kinase activity 463 2 (0.4%) 0.00548 0.0126 

GO:0008144   drug binding 1749 3 (0.2%) 0.00646 0.0563 
GO:0035639   purine ribonucleoside triphosphate 
binding 1835 3 (0.2%) 0.00741 0.0126 

GO:0032555   purine ribonucleotide binding 1900 3 (0.2%) 0.00818 0.0126 

GO:0032553   ribonucleotide binding 1915 3 (0.2%) 0.00837 0.0163 

GO:0017076   purine nucleotide binding 1915 3 (0.2%) 0.00837 0.0126 
 

 

gene ontology terms for PMLII KO cluster 1 (n = 80) set 
size 

candidates 
contained p-value q-value 

GO:0000712   resolution of meiotic recombination 
intermediates 19 2 (10.5%) 0.00023 0.0176 

GO:0051307   meiotic chromosome separation 26 2 (7.7%) 0.000434 0.0176 

GO:0007131   reciprocal meiotic recombination 54 2 (3.7%) 0.00187 0.0506 

GO:0008017   microtubule binding 242 3 (1.2%) 0.00287 0.0115 

GO:0055008   cardiac muscle tissue morphogenesis 68 2 (2.9%) 0.00295 0.0923 

GO:0003208   cardiac ventricle morphogenesis 72 2 (2.8%) 0.0033 0.0517 

GO:0060415   muscle tissue morphogenesis 80 2 (2.5%) 0.00406 0.0517 

GO:0072384   organelle transport along microtubule 80 2 (2.5%) 0.00406 0.0517 

GO:0048644   muscle organ morphogenesis 86 2 (2.3%) 0.00467 0.0517 

GO:0006029   proteoglycan metabolic process 88 2 (2.3%) 0.00489 0.0923 
 

gene ontology terms for PMLII KO cluster 2 (n = 102) set 
size 

candidates 
contained p-value q-value 

GO:0055008   cardiac muscle tissue morphogenesis 68 3 (4.4%) 3.29E-05 0.00102 

GO:0060415   muscle tissue morphogenesis 80 3 (3.8%) 5.35E-05 0.00246 

GO:0048644   muscle organ morphogenesis 86 3 (3.5%) 6.65E-05 0.00246 

GO:0061384   heart trabecula morphogenesis 34 2 (5.9%) 0.000453 0.0112 

GO:0061383   trabecula morphogenesis 49 2 (4.1%) 0.000942 0.0678 

GO:0005539   glycosaminoglycan binding 230 3 (1.3%) 0.00119 0.0167 

GO:0050840   extracellular matrix binding 57 2 (3.5%) 0.00127 0.0117 

GO:0007507   heart development 542 4 (0.7%) 0.00138 0.0214 

GO:1901681   sulfur compound binding 247 3 (1.2%) 0.00147 0.0117 

GO:0003007   heart morphogenesis 249 3 (1.2%) 0.0015 0.0214 
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gene ontology terms for PMLII KO cluster 3 (n = 138) set 
size 

candidates 
contained p-value q-value 

GO:0051607   defense response to virus 241 21 (8.7%) 5.77E-21 7.65E-19 

GO:0009615   response to virus 326 23 (7.1%) 7.81E-21 7.65E-19 

GO:0034340   response to type I interferon 95 15 (15.8%) 3.68E-19 8.68E-17 

GO:0060337   type I interferon signaling pathway 91 14 (15.4%) 8.88E-18 1.05E-15 

GO:0045087   innate immune response 958 27 (2.9%) 1.99E-14 1.30E-12 

GO:0098542   defense response to other organism 590 22 (3.8%) 2.77E-14 8.80E-12 

GO:0048525   negative regulation of viral process 96 12 (12.5%) 2.96E-14 1.94E-12 

GO:0034341   response to interferon-gamma 200 15 (7.5%) 3.28E-14 1.94E-12 

GO:0006952   defense response 1714 34 (2.0%) 1.14E-13 5.59E-12 

GO:0043900   regulation of multi-organism process 378 18 (4.8%) 1.89E-13 7.41E-12 
 

gene ontology terms for PMLII KO cluster 4 (n = 104) set 
size 

candidates 
contained p-value q-value 

GO:0034340   response to type I interferon 95 11 (11.6%) 6.38E-15 1.20E-12 

GO:0051607   defense response to virus 241 14 (5.8%) 1.60E-14 2.42E-12 

GO:0060337   type I interferon signaling pathway 91 10 (11.0%) 2.03E-13 1.91E-11 

GO:0009615   response to virus 326 14 (4.3%) 1.01E-12 7.60E-11 

GO:0051707   response to other organism 1020 20 (2.0%) 1.11E-11 6.43E-10 

GO:0043207   response to external biotic stimulus 1022 20 (2.0%) 1.15E-11 5.77E-10 

GO:0009607   response to biotic stimulus 1053 20 (1.9%) 1.98E-11 6.43E-10 

GO:0034097   response to cytokine 1133 20 (1.8%) 8.87E-11 2.15E-08 

GO:0098542   defense response to other organism 590 15 (2.6%) 1.84E-10 2.22E-08 

GO:0045087   innate immune response 958 18 (1.9%) 3.00E-10 1.13E-08 
  

gene ontology terms for PMLII KO cluster 5 (n = 76) set 
size 

candidates 
contained p-value q-value 

GO:0055008   cardiac muscle tissue morphogenesis 68 3 (4.4%) 3.90E-05 0.00129 

GO:0060415   muscle tissue morphogenesis 80 3 (3.8%) 6.34E-05 0.00291 

GO:0048644   muscle organ morphogenesis 86 3 (3.5%) 7.87E-05 0.00291 

GO:0061384   heart trabecula morphogenesis 34 2 (5.9%) 0.000506 0.0125 

GO:0061383   trabecula morphogenesis 49 2 (4.1%) 0.00105 0.0715 

GO:0007507   heart development 542 4 (0.7%) 0.00171 0.0238 

GO:0003007   heart morphogenesis 249 3 (1.2%) 0.00177 0.0238 

GO:0003208   cardiac ventricle morphogenesis 72 2 (2.8%) 0.00225 0.0238 

GO:0019226   transmission of nerve impulse 72 2 (2.8%) 0.00225 0.0238 

GO:0072359   circulatory system development 1033 5 (0.5%) 0.0027 0.025 
Table 4.3.9: GO term analysis of the annotated peaks present in each scaled ATAC seq 

cluster generated from the top 500 peaks based upon raw p-value. Peaks contained within 
each cluster were annotated using HOMER to assign gene names to each peak. These gene 
lists were then assessed by GO term analysis using CPDB. The top ten GO terms identified 
for each of the 4 WT and 5 PMLII KO scaled clusters are shown (N.B. only eight GO terms 
were identified for WT cluster 4). 



Chapter 4: Chromatin changes during the interferon response in BJ5ta cells 

 175 

As before, to try to ensure any possible cluster-specific GO terms were detected, the 

top 20 most significant GO terms for each cluster were assessed and any GO term 

present in more than one cluster was removed to leave a list of cluster-specific terms 

(Table 4.3.10).  
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WT cluster 1 WT cluster 2 WT cluster 3 WT cluster 4 

GO:0019079   viral genome replication GO:0044419   interspecies interaction 
between organisms GO:0009605   response to external stimulus GO:0005524   ATP binding 

GO:0060333   interferon-gamma-mediated 
signaling pathway GO:0002252   immune effector process GO:0001935   endothelial cell proliferation GO:0030554   adenyl nucleotide binding 

 GO:0016032   viral process GO:0071345   cellular response to cytokine 
stimulus 

GO:0004674   protein serine/threonine kinase 
activity 

   GO:0008144   drug binding 
   GO:0035639   purine ribonucleoside 

triphosphate binding 
   GO:0032555   purine ribonucleotide binding 
   GO:0032553   ribonucleotide binding 
   GO:0017076   purine nucleotide binding 

 

KO cluster 1 KO cluster 2 KO cluster 3 KO cluster 4 KO cluster 5 
GO:0000712   resolution of meiotic 
recombination intermediates 

GO:0005539   glycosaminoglycan 
binding 

GO:0034341   response to 
interferon-gamma 

GO:0035456   response to 
interferon-beta 

GO:0072359   circulatory 
system development 

GO:0051307   meiotic chromosome separation GO:0050840   extracellular 
matrix binding 

GO:0043900   regulation of multi-
organism process 

GO:0071310   cellular 
response to organic substance 

GO:0061061   muscle 
structure development 

GO:0007131   reciprocal meiotic recombination GO:1901681   sulfur compound 
binding 

GO:0043901   negative regulation 
of multi-organism process 

GO:0070887   cellular 
response to chemical stimulus 

GO:0009628   response 
to abiotic stimulus 

GO:0008017   microtubule binding GO:0030198   extracellular matrix 
organization 

GO:0019079   viral genome 
replication 

GO:0009605   response to 
external stimulus 

GO:0009581   detection 
of external stimulus 

GO:0045132   meiotic chromosome segregation  
GO:0043903   regulation of 
symbiosis, encompassing 
mutualism through parasitism 

GO:0010033   response to 
organic substance 

GO:0009582   detection 
of abiotic stimulus 

GO:0051304   chromosome separation     
GO:0009416   response to light stimulus     
GO:0015631   tubulin binding     

GO:0007127   meiosis I     

Table 4.3.10: Cluster specific GO terms from the GO term analysis of the annotated peaks present in each scaled ATAC seq cluster generated 
from the top 500 peaks based upon raw p-value. Comparing the top 20 GO terms for each cluster, identical GO terms were removed. The remaining 
GO terms are therefore unique to each cluster. 
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This analysis highlighted that WT clusters 1 and 2 still mainly contained GO terms 

pertaining to the immune response to the viral stimulus. WT cluster 3 was similar, 

however additionally contained unique GO terms “endothelial cell proliferation” and 

“cellular response to cytokine stimulus”. This could suggest that these genes/peaks 

present in WT cluster 3, those which are regions that open within 2 h of IFNa addition, 

but begin to close more quickly than other genes, are linked to responding to cytokines 

and cell proliferation. WT cluster 4 only had 8 GO terms identified, although with 

weaker p-values, and all of these were unique. This suggested that the genes contained 

within WT cluster 4 are involved with nucleotide binding although the significance 

associated with these GO terms was weaker than the p-values shown for GO terms 

linked to the innate immune system and viral response. 

 

Cluster-specific GO terms were similarly identified for the PMLII KO clusters. PMLII 

KO cluster 1 contained genes related to meiosis, GO terms not shown in any of the 

other PMLII KO clusters. Many of the GO terms specific to PMLII KO cluster 2 were 

linked to binding compounds and structures, including glycosaminoglycan, sulphur 

compounds and the extracellular matrix. PMLII KO cluster 3 specific GO terms still 

contain some functions linked to viral response and the innate immune response, but 

also a more unique function was identified suggesting a role in multi-organism 

processes. For PMLII KO cluster 4, there are also some remaining GO terms connected 

to IFN response and viral processes, however some more unique functions suggest an 

involvement of these genes with responding to organic substances. The GO terms 

specific to PMLII KO cluster 5 showed a role in detecting an external abiotic stimulus 

for these genes. The analysis of these GO terms is made difficult due to the same genes 

being frequently present in different GO terms resulting in ambiguity in interpreting 

the data. 

 

For both WT and PMLII KO clusters, many of the GO terms associated with processes 

and function apparently unrelated to the immune response to a viral infection, were 

less significant. Consequently, it may be the case that increasing the peak number to 

500 has not only enhanced the signal previously obtained but may also have introduced 

more noise into the data. Overall, there was no substantial improvement of the insight 

obtained into the data.   
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4.3.16 Motif Enrichment Analysis for the Clusters Generated from the Top 500 

Peaks Based Upon Raw P-value 
 

MEA was conducted on the 4 WT clusters and 5 PMLII KO clusters in an attempt to 

find cluster specific motif binding sites present within the data sets now containing 

500 peaks. The p-value threshold for significance was calculated for the new clusters 

by running five random samples of the background data set containing the relevant 

number of peaks for each cluster as section 4.3.13 (Figure 4.3.24). Only motifs 

identified by the MEA with a p-value lower than this designated threshold were 

considered to be significant and are shown in Table 4.3.11. 

 

Figure 4.3.24: Calculating the p-value threshold for significance for the clusters from the 
top 500 peaks, using random samples of background data assessed by HOMER de novo 
motif enrichment analysis. The background data consisted of all annotated peaks identified 
across the whole genome in the ATAC seq experiment. Random sample sizes corresponded 
to the number of peaks present in each WT cluster (A) and PMLII KO cluster (B). The p-
values obtained for the five random samples were plotted. The lowest p-value obtained from 
these random samples was set as the true threshold for significance generated by HOMER de 
novo MEA. Only motifs with a p-value lower than this designated threshold were considered 
to be significant. 

A 

B 
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A 
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Table 4.3.11: The significantly enriched motifs identified by HOMER de novo motif enrichment analysis for each cluster generated for the top 500 
peaks based upon raw p-value. The motifs that were identified as enriched in each WT cluster (A) and in the PMLII KO clusters (B) generated from the top 

500 peaks/genes, when compared to all annotated peaks identified in the whole genome as background. 

B 
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The most significantly enriched motif identified across the WT clusters was the 

ISRE/IRF motif found as the first ranked motif in WT clusters 1, 2 and 3. No 

significant motifs were found to be enriched in WT cluster 4. Increasing the number 

of peaks to 500 for the WT data set enabled the discovery of more motifs for each 

cluster. WT cluster 1, which contains the peaks that remained open 24 h post-

stimulation, showed two additional motifs: AR-halfsite(NR) and HLTF, which were 

not identified by the MEA on the original data set. Similarly, WT cluster 2, with an 

intermediate speed of inactivation, had an increased number of enriched motifs 

compared to the original analysis. Some motifs remained the same with the ISRE/IRF 

motif being the most significant enriched motif for this cluster of genes. Other enriched 

motifs included HMBOX1, PB0170.1_Sox17_2, NFKB1, PB0137,1_Irf3 and LEF1. 

WT cluster 3 (‘fast closing’ chromatin regions) had five significantly enriched motifs 

identified compared to the whole genome background set. In addition to the ISRE 

motif, these were PRDM1, MITF, ZEB1 and Chop(bZIP).  

 

The original MEA performed on the PMLII KO data set clusters only identified the 

ISRE/IRF motif, in the largest cluster. The new MEA revealed four motifs, two within 

PMLII KO cluster 3, and two within PMLII KO cluster 4. These two clusters showed 

the most similar temporal pattern to the original analysis, with peaks that activated 

quickly by the 2 h timepoint and then became less active/inactive by the 24 h timepoint. 

The MEA results for these two PMLII KO clusters identified ISRE/IRF as the most 

significantly enriched motif. Analysis of PMLII KO cluster 3 also discovered STAT5, 

while PMLII KO cluster 4 analysis identified PB0134.1_Hnf4a_2. There were no 

significant motifs found enriched in PMLII KO clusters 1, 2 or 5.   

 

 

4.3.17 Comparing the Differential Peaks in the WT vs the PMLII KO at the 2 h 

Timepoint 

 

To try and compare the differences between the WT and the PMLII KO cell lines more 

directly, the significantly different peaks identified by DESeq2 when comparing 0 h 

vs 2 h timepoints for each data set were assessed. It was found that 66 of the 300 

differential peaks identified for the WT data, were also peaks found in the PMLII KO 

data set. Therefore, there were 234 peaks that occurred in the list of WT peaks that 
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were significantly different upon 2 h stimulation that were not identified as 

significantly different peaks within the PMLII KO data set.  

 

To investigate the properties of those peaks only found to be significantly increased in 

the WT data set versus those peaks found in both WT and PMLII KO peak lists, GO 

term analysis and MEA was conducted. This was done in an attempt to try and 

determine any different processes or functions unique to one group over the other. 

 

The peaks in each group were annotated using the HOMER script annotatePeaks.pl 

prior to GO term analysis again conducted on CPDB. The top ten most significant GO 

terms identified are displayed in Table 4.3.12. Both sets of GO term analysis revealed 

very similar results with 80% of the top ten most significant GO terms being identical.  

 

gene ontology term for WT only peaks set 
size 

candidates 
contained p-value q-value 

GO:0051607   defense response to virus 241 20 (8.3%) 8.17E-15 1.67E-12 

GO:0009615   response to virus 326 21 (6.4%) 2.51E-13 2.57E-11 

GO:0034340   response to type I interferon 95 13 (13.7%) 8.14E-13 2.37E-10 

GO:0060337   type I interferon signaling pathway 91 11 (12.1%) 1.97E-10 2.86E-08 

GO:0043900   regulation of multi-organism process 378 19 (5.0%) 2.67E-10 1.83E-08 

GO:0009607   response to biotic stimulus 1053 31 (3.0%) 2.79E-10 2.34E-08 

GO:0048525   negative regulation of viral process 96 11 (11.5%) 3.54E-10 3.43E-08 

GO:0051707   response to other organism 1020 30 (3.0%) 5.77E-10 2.42E-08 

GO:0043207   response to external biotic stimulus 1022 30 (3.0%) 6.04E-10 3.10E-08 

GO:0098542   defense response to other organism 590 22 (3.8%) 1.88E-09 6.68E-07 

 

gene ontology term for WT and PMLII KO peaks set 
size 

candidates 
contained p-value q-value 

GO:0051607   defense response to virus 241 19 (7.9%) 7.19E-24 9.64E-22 

GO:0009615   response to virus 326 19 (5.8%) 2.38E-21 1.59E-19 

GO:0034340   response to type I interferon 95 13 (13.7%) 1.30E-19 2.30E-17 

GO:0060337   type I interferon signaling pathway 91 12 (13.2%) 5.98E-18 5.29E-16 

GO:0051707   response to other organism 1020 23 (2.3%) 7.31E-17 4.46E-15 

GO:0043207   response to external biotic stimulus 1022 23 (2.3%) 7.64E-17 3.41E-15 

GO:0098542   defense response to other organism 590 19 (3.3%) 1.12E-16 2.43E-14 

GO:0009607   response to biotic stimulus 1053 23 (2.2%) 1.48E-16 4.50E-15 

GO:0045087   innate immune response 958 22 (2.3%) 2.92E-16 9.78E-15 

GO:0006952   defense response 1714 26 (1.5%) 4.79E-15 1.28E-13 

Table 4.3.12: GO term analysis results of the annotated peaks present in both WT and 
PMLII KO data sets, or in the WT data set alone, in the comparison of 0 h vs 2 h IFNa 
by DESeq2. Peaks identified as significantly different between 0 h and 2 h IFNa for both the 

A 

B 
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WT and PMLII KO data sets were identified. These peaks were then divided into two groups 
based on whether the peaks were present in only the WT data set, or if they were present in 
both the WT and PMLII KO list of significant peaks. All peaks were annotated using HOMER 
to assign gene names to each peak. These gene lists were then assessed by GO term analysis 
using CPDB. The top 10 most significant GO terms identified for the WT only group (A) and 
WT and PMLII KO group (B) are shown. 
 
 
Comparing the top 20 GO terms to identify group specific results showed four unique 

GO terms for each data set (Table 4.3.13). This suggested that GO terms connected to 

cytokine signalling were more enriched in the WT and PMLII KO data set. However, 

upon inspection of the entire list of significant GO terms for the WT only data, those 

related to responses to cytokine were also significant, although in position 22, with a 

p-value of 1.51e-06. Therefore, the GO term analysis for both data sets were actually 

quite similar and the top 20 GO terms showed common themes including defence 

response to virus. 

 

WT and KO specific GO terms WT only specific GO terms 
GO:0034097   response to cytokine GO:0043900   regulation of multi-organism process 

GO:0034341   response to interferon-gamma GO:0043903   regulation of symbiosis, 
encompassing mutualism through parasitism 

GO:0019221   cytokine-mediated signaling 
pathway 

GO:0050792   regulation of viral process 

GO:0071345   cellular response to cytokine 
stimulus 

GO:0044419   interspecies interaction between 
organisms 

  

Table 4.3.13: Group-specific GO terms from the GO term analysis of the annotated 
peaks present in both WT and PMLII KO data sets, or in the WT data set alone, in the 
comparison of 0 h vs 2 h IFNa by DESeq2. Comparing the top 20 GO terms for each group, 
identical GO terms were removed. The remaining GO terms are therefore unique to either the 
WT only results or the WT and PMLII KO data set. 
 

 

The MEA was conducted using HOMER. The WT only peaks were assessed for motif 

enrichment compared to a background data set consisting of the peaks within the WT 

and PMLII KO list. Five random samples of the background data set consisting of 66 

randomly selected peaks were also assessed to produce the true p-value cut off which 

was determined to be 1.00E-19. Unfortunately, the most significant motif identified in 

the MEA for our test comparison was RXR(NR) which only had an associated 

significance of 1.00E-15. Therefore, due to this being less significant than the p-value 

generated by the random samples, it cannot be considered as a truly enriched motif.  
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4.4 Discussion  

 

4.4.1 Stimulating BJ5ta Cells with IFNa Elicits a Response in the Wildtype 

Cells, but is Subdued in the PMLII Knockout Cell Line 

 

A 4 h stimulation of 100 U/ml of IFNa elicited a significant response in both WT and 

PMLII KO BJ5ta cell lines, shown by the increased ISG54 transcription following the 

stimulation. The level of transcription activation was significantly different between 

the WT and PMLII KO BJ5ta cells. The WT fibroblasts had a much larger response to 

the IFNa shown by the 35-fold increase in ISG54 RNA detected, whereas the PMLII 

KO cells produced less than a 2-fold change. This indicated that PMLII has a clear 

involvement in responding to IFNa stimulation and increasing the accessibility of 

ISG54 in BJ5ta cells since when PMLII was removed from the cells, this response was 

strongly subdued.  

 

PMLII has been shown to be required for efficient binding of certain transcription 

factors and for the IFN-induced expression of ISGs73. Experiments published in the 

literature revealed STAT1 activity was impaired upon reduction of PMLII73. This 

would therefore result in weaker JAK/STAT signalling and a less prominent activation 

of ISG54 upon stimulation with IFNa. This role identified for PMLII is supported by 

these findings seen here. 

 

 

4.4.2 IFNa-induced Changes in Histone Markers at ISG54 in BJ5ta Cells  

 

ISG54 is an anti-viral protein whose transcription is activated by IFN. It has been 

shown that ISG54 functions to induce apoptosis of infected cells179. To investigate the 

changes occurring at the chromatin level of the ISG54 gene upon activation by IFNa 

in the WT and PMLII KO cells, the presence of certain histone markers was assessed. 

It was anticipated that upon activation of ISG54 following stimulation of BJ5ta cells 

with IFNa, there would be an increase in histone markers often associated with gene 

activation, such as H3K4me3, and a loss of histone markers connected to 

transcriptional inactivity such as H3K9me3 and H3K27me3. It was hypothesised that 
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these changes would be seen in the WT cells, and that such activation-associated 

changes might be diminished in the PMLII KO cells, reflecting the reduced activation 

of ISG54. 

 

 

H3K4me3 

 

As H3K4me3 is a marker connected to regions of chromatin undergoing active 

transcription, it was anticipated that the presence of this histone marker at ISG54 

would increase upon IFNa stimulation. However, 4 h after stimulation, there were no 

reliable, significant changes detected in either the WT or PMLII KO cells. 

 

Despite during this time frame a clear increase in ISG54 transcription and RNA level 

in initial experiments had been seen, this increased transcriptional activity was not 

reflected in altered abundance of this histone mark. One possible explanation may be 

that the H3K4me3 markers may have been present at increased levels at an earlier 

timepoint and subsided by 4 h. If the cells had already transcribed more ISG54 RNA 

by 4 h, the chromatin must have been opened prior to this to enable the ISG54 gene to 

become accessible to transcription machinery. It is unclear if H3K4me3 marks occur 

as a result of transcriptional activity180, or if their presence enables the initiation of 

transcription, perhaps through assisting in recruitment of proteins to the chromatin181. 

If, for the ISG54 gene, these H3K4me3 post-translational modifications are necessary 

for successful transcription, then it is plausible that the markers were present earlier 

than 4 h post stimulation and have therefore not been detected in this experiment. 

Alternatively, there is no change in H3K4me3 upon addition of IFNa for 4 h and no 

involvement in PMLII in maintaining this histone modification as neither cell line 

displayed consistent significant changes across both repeats. 

 

 

H3K9me3 

 

H3K9me3 histone post-transcriptional modifications are often found on histone tails 

in regions of closed chromatin that are transcriptionally inactive. Thus, upon 
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stimulation with IFNa a reduction in H3K9me3 markers at ISG54 was predicted due 

to activation of gene transcription. A significant decrease in H3K9me3 was seen in 

both WT and PMLII KO cells upon IFNa addition83. This is in line with the initial 

hypothesis generated. This reduction upon stimulation occurred significantly in both 

WT and PMLII KO cell lines, which indicates that the loss of H3K9me3 is not a 

PMLII-dependent process. However, in both replicates, the decrease in the presence 

of this histone marker was more significant in the WT cells than the PMLII KO BJ5ta 

cells. This may infer a role of PMLII in enabling an efficient reduction of H3K9me3 

to occur at ISG54 upon stimulation with IFNa.   

 

Furthermore, there was a significantly reduced amount of H3K9me3 present in the 

PMLII KO BJ5ta cells compared to the WT BJ5ta cells in unstimulated conditions. 

This suggests that there may be an involvement of PMLII in regulating H3K9me3 

presence on the chromatin prior to stimulation. PML has previously been shown to 

interact with dense chromatin regions182 which may be rich in H3K9me3 due to their 

closed structure. Experiments by Delbarre et al in 2017115 also showed that a loss of 

PML altered the heterochromatic state of certain regions of chromatin able to associate 

with PML. Their study demonstrated that when PML was knocked out in mouse 

embryonic fibroblast, the histone modifications on histone H3 showed a loss of 

H3K9me3 and an increase in H3K27me3115. This agrees with the results for the ChIP-

qPCR experiments, suggesting that removal of PMLII may lead to a reduction in 

H3K9me3. One possible explanation for this from the literature is that PML has been 

shown to interact with the H3K9 methyltransferase SETDB1 (see Chapter 6) during 

mouse development and is found within PML-NBs83. ChIP experiments have shown 

that, within the frame of PML-NBs, SETDB1 suppressed the expression of some genes 

through H3K9 methylation in mouse models. Therefore, loss of PMLII may be 

impairing the interaction with SETDB1 and its subsequent ability to methylate H3K9 

resulting in less H3K9me3 present in the PMLII KO cell lines compared to the WT 

BJ5ta cells. This result would lead to the hypothesis that a loss of PMLII could cause 

less H3K9me3 and thus infer greater transcriptional activity. This result identifying an 

increased basal transcriptional level of activity at ISGs is also seen in the currently 

unpublished, RNA sequencing data obtained from our lab group. However, previous 

studies conflict with this idea as PMLII is important in stabilising transcriptional 



Chapter 4: Chromatin changes during the interferon response in BJ5ta cells 

 187 

complexes and, when PMLII is removed, there is weaker activation of transcription73. 

This highlights the complex nature of gene regulation which is likely to be different 

for each individual gene and could imply that PMLII functions in numerous ways to 

elicit regulation of gene transcription. 

 

 

H3K27me3 

 

H3K27me3 is another histone post-translational modification associated with closed, 

inactive chromatin115. Therefore, similar to H3K9me3, it was expected that 

H3K27me3 markers would be reduced at ISG54 upon stimulation with IFNa. The 

single biological replicate for the H3K27me3 may suggest a role for PMLII in 

regulating H3K27me3 deposition, due to the differences seen between the PMLII KO 

and WT cell lines, however the signal obtained for this histone marker at ISG54 was 

very low making all findings unreliable.  

 

 

H3.3 

 

The H3.3 variant of the H3 histone is thought to be incorporated more frequently, 

although not exclusively98, into regions of active transcription154. It was predicted that 

more H3.3 may be deposited into the chromatin of the ISG54 gene following 

stimulation as transcription would be initiated. The results obtained for H3.3 were 

inconsistent across the analysis of the two biological replicates thus making it difficult 

to be definitive in the outcome. Data in replicate 1 displays a decrease in H3.3 when 

the PMLII KO BJ5ta cells were stimulated, however this was not seen in the analysis 

of replicate 2. Similar discrepancies were seen when comparing the difference in H3.3 

amounts at ISG54 between the two unstimulated conditions. Data in replicate 2 was 

consistent with a significant reduction in H3.3 when PMLII is removed from the cells, 

although in analysis of replicate 1 there were not any significant changes. However, 

one aspect of the data that was consistent between the analysis of replicates 1 and 2 

was that the level of H3.3 present at ISG54 remained unchanged upon stimulation with 

IFNa in the WT cells, a condition which leads to strong activation of transcription. 

Consequently, it is not possible to conclude anything with a large degree of certainty 
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from these data with regards to H3.3 at ISG54, which may in fact not be involved in 

marking the activation state of this gene based on the lack of change upon stimulation. 

 

 

H3 Total  

 

This ChIP qPCR investigation aimed to measure the total amount of histone subtype 

H3 present in the cell. A constant level of H3 total was expected to be present across 

all conditions tested due to histone loss normally being associated with cell aging163 

and not gene activation. However, between the two replicates analysed, the level of 

H3 expressed was not constant.  

 

A significant decrease was recorded for H3 total upon IFNa stimulation for both the 

WT and the PMLII KO BJ5ta cells. This was not as predicted and also somewhat ill-

fitting with current literature as loss of histones has only previously been seen in older 

cells as a result of aging163. This may be a consequence of using telomerase- 

immortalised fibroblasts for the ChIP-qPCR experiments, however a mechanism as to 

why the H3 histones are reducing upon stimulation is unclear in this instance. One 

possible hypothesis could be that upon activation of the genes following the IFNa 

stimulation, there may be a loosening of the association between the DNA and histones 

enabling transcription but also resulting in a lower recovery of the H3 histones. 

 

Other features of the data were no consistent between replicates. It may be possible 

that one of the results obtained for the PMLII KO unstimulated samples is an anomaly 

although, with only analysis of two replicates, it is not possible to determine which is 

the true result. Due to this, it is challenging to draw any conclusions from the H3 total 

levels in the unstimulated PMLII KO cells.  

 

With a varying amount of total H3 present in each of the samples and the significant 

loss of H3 upon stimulation, it may be argued that this impacts on results drawn from 

the other ChIP-qPCR experiments for histone markers present upon H3. An alternative 

way of analysing the ChIP results would be to normalise to the amount of H3 present 

within each sample, however this may skew the data inferring changes to histone 

markers which in fact were due to changes in H3. Through the current method of 
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analysis, the absolute amount of the histone markers present is measured, rather than 

calculating the portion of the total H3 present that has the marker. 

 

 

4.4.3 Conclusions from ChIP Analysis in BJ5ta Cells 

 

Using a cell line that is more representative of normal human cells, such as the BJ5ta 

fibroblasts and a PMLII CRISPR-Cas9 targeted gene knockout BJ5ta mutant cell line 

has helped to reduce the variability in the data as compared with equivalent analyses 

in the HeLa human cancer cell line with siPMLII knock-down by reducing the 

variability, so enabling some conclusions to be seen. For example, there was no change 

in H3K4me3 expression upon stimulation or in the absence of PMLII at ISG54 in these 

cells whereas the level of H3K9me3 decreased upon addition of IFNa, and the 

expression of this marker was also decreased in the PMLII KO cells vs WT cells, when 

comparing under unstimulated conditions.  

 

The poor reproducibility between the replicates, however, has not been totally 

eradicated. The data obtained for H3.3 measurement was not similar between the 

analysis of the replicates, making it difficult to draw strong conclusions. This variation 

was also seen with the total H3 data where analysis of replicate 1 and 2 show differing 

amounts of H3 present in the unstimulated samples in each experiment. Results like 

this may be a consequence of biological variability or due to cross-reactivity of the 

antibodies, given the histones are quite similar in structure, or a result of poor IP and 

handling of the chromatin. Overall, difficulties in obtaining enough fibroblasts to 

conduct multiple ChIP-qPCR experiments combined with limitations within the 

protocol made it challenging to examine changes occurring in individual genes at the 

chromatin level so only a few clear conclusions could be drawn.  
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4.4.4 Genome-wide ATAC Sequencing of WT and PMLII KO BJ5ta Cells 

Following IFNa Stimulation 

 

4.4.4.1 Analysis of Significantly Different Peaks with a p-value < 0.05 Selected by 

DESeq2 

 

DESeq2 identified 300 significantly different WT peaks and 76 PMLII KO peaks, with 

an adjusted p-value < 0.05 (Bonferroni correction), when comparing the 0 h 

unstimulated timepoint to the 2 h IFNa stimulated cells. These were then scaled and 

clustered to elucidate groups of peaks that shared the same temporal pattern of 

opening/closing of chromatin. Three different temporal patterns were identified for 

both the WT and PMLII KO data sets. All clusters showed the chromatin opened 

quickly within 2 h post stimulation and then varied in how long the region remained 

open and accessible. This has been previously demonstrated in the literature with 

distinct patterns of IFNa-induced ISG expression being documented both in vitro183-

185 and in vivo186. These experiments assessed activation of ISGs by type I and type III 

IFN and revealed that activation by IFNb or IFNl resulted in longer-lasting ISG 

induction, while activation due to IFNa signalling peaked early after stimulation and 

then reduced likely as a result of negative feedback controls. It was thought that 

differences in ISG induction may be a consequence of temporal patterns as well as 

intracellular differences such as variation in transcription factor activation185. These 

hypotheses, however, would need to be validated by functional tests to investigate if 

these temporal differences in chromatin opening were coupled with induction of gene 

transcription. 

 

All peaks identified by DESeq2 in this ATAC seq experiment were altered by IFNa, 

a type I IFN. The majority of these significant peaks in both the WT and PMLII KO 

BJ5ta cells displayed the expected temporal pattern, with peaks opening quickly and 

then declining in the extent to which they were open, in line with the findings in the 

literature. However, a small set of peaks, primarily in the WT data set, remained in an 

accessible state at 24 h post stimulation, a pattern more associated with type III IFN 

activated ISGs in published work183. It may be that these peaks in the analysis are some 

of the genes usually activated preferentially by type III IFN that have been activated 
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indirectly following the type I IFN response. Or it may be that there is a small subset 

of ISGs activated by IFNa that also show this temporal pattern of slow inactivation. 

Again, functional tests such as comparison to an equivalent RNA seq data set would 

help to determine if these changes in chromatin structure are coupled with a change in 

transcription over the same time scales. 

 

The ATAC seq analysis on the BJ5ta cells showed slight differences in temporal 

pattern of chromatin openness within type I IFN-activated ISGs that have not 

previously been found. A great deal of research has been conducted investigating the 

induction of ISGs in response to viral infection or stimulation with IFN, however no 

substantial analysis has deeply interrogated the rate of inactivation. The subdivisions 

obtained from the ATAC seq analysis showed three clearly distinct clusters each with 

a unique inactivation speed for both the WT and PMLII KO clusters. This novel 

finding suggests that although all type I IFN activated ISGs are activated quickly, in 

keeping with these results, there may be an additional complexity to be considered.  

 

 

GO Term Enrichment Analysis  

 

The GO term analysis performed on the genes annotated to the significantly changing 

peaks within each cluster revealed many expected GO terms which confirmed the 

IFNa stimulation was successful and was likely to be the principal cause of changes 

in chromatin architecture in the experiments. It did, however, identify many common 

GO terms between all clusters rather than highlight any specific function or process 

unique to any one cluster. All clusters for both WT and PMLII KO data sets were 

shown to contain genes associated with GO terms connected to virus response, IFN 

signalling and the immune response. This was expected as all genes that would have 

been significantly different between the unstimulated sample and those at 2 h post 

IFNa stimulation would be expected to be ISGs. ISGs are vital components of the 

immune response to viruses and therefore, these GO terms are highlighted.  

 

Even when considering only the cluster-specific unique GO terms from among the top 

20 most significant GO terms for each cluster, there were still very few cluster-specific 
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functions or processes identified. Many GO terms, although formally unique to a 

cluster, shared a common theme with terms associated with another cluster or were 

too broad to enable a specific function or process to be connected to the cluster. 

 

One possible result from this analysis that did emerge was the presence of cytokine 

related GO terms only in WT cluster 1 and PMLII KO cluster 1. WT cluster 1 

represented the subset of peaks that were remaining open for the longest period of 

time, however PMLII KO cluster 1 contains regions of chromatin with an intermediate 

speed of inactivation. Virus-induced cytokine production occurs due to viral infections 

inducing a proinflammatory response which elicits expression of cytokines through 

activation of NFkB followed by recruitment of white blood cells and antiviral effectors 

to defend against the infection187. It may be that the peaks present in WT cluster 1 and 

PMLII KO cluster 1 are associated with genes involved in this signalling pathway. As 

these regions remain active for longer in the WT cells than the PMLII KO cell lines, 

it may infer a novel role for PMLII in maintaining this antiviral response that is lost in 

the PMLII KO BJ5ta fibroblasts. PML has previously been identified to be an 

important regulator of NFkB188 and loss of PMLII has been shown to substantially 

reduce binding of NFkB due to impaired transcriptional complex formation73. 

Therefore, loss of PMLII in the PMLII KO BJ5ta cells would impair NFkB signalling, 

which may offer an explanation as to why the genes associated with GO terms relating 

to cytokine signalling remain open for longer in WT cells. 

 

The unique GO terms identified for WT cluster 2 and PMLII KO cluster 2 are related 

to symbiosis which is an interaction between two different organisms to the advantage 

of both. This is not a GO term expected from these cells and is possibly due to 

background noise in the data. For WT cluster 3 and PMLII KO cluster 3, the unique 

GO terms identified are broad signalling terms and processes, not enabling specific 

functions to be found for each cluster. GO terms are arranged in a hierarchical order 

with some broader umbrella terms covering other more specific GO terms. This format 

may be responsible for some of the broad or unusual GO terms identified for these 

clusters. It may be that a subset of genes labelled with a GO term which appears ill-

fitting actually belong to a broader umbrella GO term which is more expected. By 
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tracing gene clusters through the GO term hierarchy, it may be possible to focus in on 

relevant functionality. 

 

 

Motif Enrichment Analysis 

  

The de novo MEA was conducted on each cluster, using all identified peaks within the 

genome as the background data set. The analysis revealed that the main motif enriched 

across the clusters was ISRE. This indicates that the vast majority of the peaks that 

were significantly different upon comparison of the unstimulated samples and those 

cells treated with 2 h of IFNa were associated with ISGs. However, to confirm this, 

interactions and functional tests would need to be investigated. The enriched presence 

of the ISRE motif also shows that the stimulation was successful in the experiment 

and resulted in chromatin changes consistent with activated transcription of many 

ISGs. The IFNa added to the samples would likely have bound to IFNAR1 and 

IFNAR2 heterodimeric receptors on the cell surface. This would then have likely 

activated the JAK/STAT signalling cascade culminating in the formation of the ISGF3 

transcription factor. ISGF3 could then have translocated to the nucleus, bound to ISRE 

motifs in the genome and activated transcription of ISGs189. Therefore, the ISRE motif 

being the most significantly enriched motif present in all WT clusters and PMLII KO 

cluster 1 was validation of the success of the experiment. 

 

WT cluster 2 revealed some additional motifs: MZF1, PB0107.1_Ascl2_2 and 

PB0034.1_Irf4. These were found to be unique to WT cluster 2, which contained 

regions of chromatin that showed an intermediate rate of closure, occurring completely 

by 24 h post-stimulation following quick activation within 2 h. The MZF1 DNA motif 

is bound by the myeloid zinc finger 1 motif and is one of many different zinc finger 

structural motifs present in the human genome190. MZF1 encodes a transcription factor 

which is expressed in haematopoietic progenitor cells that are committed to myeloid 

lineage differentiation. Enrichment of this motif in the BJ5ta fibroblast cell lines seems 

somewhat illogical given they are not blood cells. However, two independent DNA-

binding motifs have been identified for MZF1 proteins that both contain a G-rich core, 

matching the motif sequence identified by the MEA. These two MZF1 binding 



Chapter 4: Chromatin changes during the interferon response in BJ5ta cells 

 194 

domains are thought to be reminiscent of the NFkB DNA binding motif (5'-

GGGACTTTCC-3' 191) occurring in the histocompatibility class I and b interferon 

genes. Consequently, it may be that the genes enriched for the MZF1 motif in WT 

cluster 2 are actually those with binding sites for NFkB that, as a result of the de novo 

motif finding, has been assigned to MZF1 instead. This hypothesis is supported by the 

presence of the NFkB motif and absence of the MZF1 motif in the results generated 

using the alternative known motif finding method. This method uses a list of motifs 

with a known, predetermined sequence, and then scans the data sets to determine if 

they are enriched relative to the control data. An enrichment in genes harbouring an 

NFkB binding site is more expected due to the involvement of this transcription factor 

in the immune response. Importantly, neither the MZF1 nor NFkB motif are 

highlighted in MEA of the PMLII KO BJ5ta cell clusters. This may again be due to 

the involvement of PMLII in facilitating the binding of NFkB and therefore, when 

PMLII is removed, there is reduced transcriptional activity of NFkB containing 

genes73. As a result, the MZF1 or NFkB motif may not have been identified in the 

PMLII KO clusters. 

 

Ascl2 is the third most significant motif highlighted as enriched in WT cluster 2. Ascl2 

is a member of the basic helix-loop-helix family of transcription factors and has a 

function in determining neural precursor cell fate, maintaining and differentiating 

progenitor cells in the intestines as well as roles in gestation192. Again, these may not 

necessarily be roles that would be associated with genes expressed in the BJ5ta 

fibroblasts. 

 

The haematopoietic cell-specific transcription factor IRF4, is an important component 

of the immune system essential for lymphocyte functions with an involvement in 

development and differentiation of immune cells193 194. Although connected to the 

immune response, differentiation of immune cells is also not a signalling pathway 

expected to be activated in the fibroblast cells. The sequence motif generated for Irf4 

however, does appear somewhat similar to the ISRE motif and the MEA may therefore 

actually be detecting a structural subset of ISRE motifs rather than a distinct functional 

motif. Alternatively, its detection may indicate a subset of responding peaks/genes that 

can bind IRFs outside of the ISGF3 complex. Being able to activate ISGs via another 
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pathway would be necessary in cases where virus infections block the canonical IFN-

mediated pathways. Such alternative activation has previously been documented in 

cases including infections with West Nile virus, where a subset of ISGs were activated 

in a type I IFN-independent manner195. 

 

MEA on WT cluster 3 also detected some potentially cluster-specific motifs: 

PH0126.1_Obox6 and ERG(ETS). The Obox6 protein is part of the family of 

Homeobox transcription factors that are preferentially expressed in germ cells with 

Obox6 expressed in ovaries196. No other known transcription factors have been shown 

to be associated with this motif. As there is no reason to expect the Obox6 protein to 

be expressed in these fibroblasts, it is likely that this finding is not biologically 

relevant. 

 

ERG (ETS-related gene) is a member of the ETS (erythroblast transformation-

specific) family of transcription factors involved in embryonic development, 

angiogenesis, inflammation, apoptosis, differentiation and cell proliferation197. 

ERG(ETS) is also connected to many pathologies including VCaP prostate cancer198 

atherosclerosis199. ERG binding sites are found within promoters of many genes linked 

with numerous signalling pathways. It is therefore difficult to identify what specific 

function these genes, containing the ERG motif, may be having with respect to this 

ATAC seq experiment.  

 

The PMLII KO BJ5ta cell clusters were smaller in size than the WT clusters as a result 

of fewer significantly different peaks being identified by the DESeq2 comparison. This 

made it more difficult for MEA to be used to find statistically significant motifs that 

were enriched in each cluster when compared to the whole genome. The only motif 

identified was IRF3 in the largest of the three clusters, PMLII KO cluster 1. The 

sequence of the IRF3 motif is a shorter variation of the ISRE motif detected in the WT 

clusters. This therefore shows that the peaks being analysed within PMLII KO cluster 

1 were also associated with ISGs, as they were enriched for a sequence equivalent to 

the ISRE motif.  
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4.4.4.2 Increasing the Peak Number to Try and Improve Statistical Power 

 

In an attempt to enhance the statistical power for the MEA and GO term analysis of 

the data, and to try to capture any smaller underlying patterns within the data, the 

sample size was increased to 500 WT peaks and 500 PMLII KO peaks ranked by most 

significant raw p-value. The number of clusters generated by the K-means clustering 

analysis increased for both the WT and PMLII KO data sets suggesting more 

information was obtained from the larger data set. However, in increasing the peak 

number, there was a risk that this might result in capturing more background noise 

within the data rather than increasing the desired signal.  

 

 

WT BJ5ta Cells Analysis 

 

Increasing the number of WT peaks to 500 included an extra 200 peaks in the analysis. 

188 of these additional peaks fell into the same clusters previously identified for the 

WT data set, all of which opened quickly at 2 h and then inactivated at differing rates, 

suggesting that increasing the number of peaks did identify some additional signal to 

include in the analysis. The 12 other added peaks formed WT cluster 4 which showed 

a new, contrasting temporal pattern of peaks being open at 0 h and closing quickly by 

2 h then gradually reopening by 24 h.  

 

WT cluster 1 showed 80% identical GO terms with respect to the 10 most significant 

GO terms identified. Increasing the data set to 500 peaks caused the cytokine related 

GO terms previously unique to WT cluster 1 to fall outside the top 10 most significant 

findings. Instead more regulatory GO terms were found. It may be that increasing the 

number of peaks present in WT cluster 1 from 63 to 159 incorporated more peaks 

associated with genes to do with regulation of the virus response, therefore making 

this GO term more significant than before and overshadowing the cytokine related GO 

terms.  

 

The MEA for WT cluster 1 still showed the ISRE motif previously identified, but 

additional motifs were now detected in the larger data set. These motifs included AR-

half-site and HLTF. AR-halfsite is an androgen receptor (AR) DNA binding sequence 
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that has a palindromic sequence. It has been shown that steroid hormone receptors 

including the androgen receptor, glucocorticoid receptors, progesterone receptors and 

mineralocorticoid receptors recognise the androgen response element (ARE), which 

contains inverted repeats of 5’-AGAACA-3’-like motifs with a three-nucleotide 

spacer200. There are also well-known androgen-independent pathways that lead to the 

activation of AR including IL-6, MAPK and STAT3 signalling201. The AR has also 

previously been shown to be activated by viral proteins such as hepatitis C virus core 

proteins202. Therefore, seeing an enrichment of this motif in WT cluster 1 following 

an IFNa stimulation may be logical, as STAT3 signalling is activated by the addition 

of type I IFNs. This increased STAT3 activity may then have triggered the activation 

of the AR and other genes with an ARE resulting in the AR-half-site motif being a 

common motif in WT cluster 1. However, with the 2 h stimulation timepoint being 

observed, it may be questionable as to whether this indirect effect would occur fast 

enough to be significant. 

 

WT cluster 2 includes peaks associated with genes that had an intermediate 

inactivation rate, with chromatin returning to a closed state after 24 h. The GO term 

analysis for WT cluster 2 identified common GO terms in the top ten most significant 

results when compared to the initial analysis. Themes including response to viral 

infections and the innate immune response occurred in both lists of GO terms.  

 

The analysis still revealed that the most significantly enriched motif in this cluster was 

ISRE, although due to the MEA de novo setting the same motif was given the labels 

IRF1 and T1IRSE in the two analyses. This was an anticipated result due to the peaks 

being IFN stimulated chromatin regions. However, the previously identified motifs of 

MZF1 and PB0107.1 and Irf4 were not reproduced. As explained above, it was 

hypothesised that the MZF1 and PB0107.1 motif might in fact have been NFkB motifs 

identified under a different name due to the similar sequence and use of the de novo 

setting for the MEA. The second MEA on the top 500 peaks did indeed detect an 

enrichment of the NFKB1 motif in WT cluster 2 peaks/genes. Therefore, it supports 

the argument that the previously identified MZF1 and PB0107.1 motifs were surrogate 

labels for NFkB sites. NFkB is an important component of the immune response, thus 

an enrichment in NFKB1 motifs in WT cluster 2 corroborates with previous findings. 
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The lack of NFkB motifs in any of the other WT clusters may suggest that genes 

containing the NFKB1 motif are responding over a 4 h period before returning to 

unstimulated levels, thereby responding longer than WT cluster 3 genes, but returning 

back to normal faster than WT cluster 1 genes. NFkB is an important transcription 

factor in regulating many physiological processes. Consequently, the transcription 

factor is tightly regulated by phosphorylation and, if these controls fail, aberrant NFkB 

signalling is attributed to a wide range of pathologies203. This may offer an explanation 

as to why the NFKB1 motif was not identified in WT clusters with differing temporal 

patterns. It would be damaging for the cells to have prolonged responses to NFkB 

signalling, remaining activated after 24 h, as seen with peaks within WT cluster 1.  

 

Additional motifs highlighted by the MEA of WT cluster 2 were HMBOX1, Sox17, 

Irf3 and LEF1. HMBOX1 is a member of the homeobox family of genes implicated in 

regulation of transcription of genes associated with embryonic development and cell 

differentiation204. HMBOX1 has been shown to also have roles in telomere 

maintenance and the immune system, such as negatively regulating natural killer (NK) 

cell functions, with an overexpression of HMBOX1 leading to significant inhibition 

of NK cells205. However, BJ5ta cells are not NK cells and therefore how the HMBOX1 

motif containing genes are related to the changes seen in these cells upon IFNa 

stimulation is unclear.  

 

Sox17 is a member of the SOX family of transcription factors also involved in 

regulation of embryonic development and cell fate determination206. Again, it is not 

obvious why this motif is enriched within regions of chromatin in WT BJ5ta cells that 

change upon stimulation with IFNa, as the transcription factor itself does not have any 

clear connection to the immune response. 

IRF3 is a member of the interferon regulatory transcription factor family, responsible 

for controlling multiple pathways within the type I IFN response207. IRF3 can be 

activated by viral infection and promotes the activation of many ISGs to elicit an 

antiviral response directly from PAMP activation208. An enrichment of Irf3 motif-

containing genes in WT cluster 2 is due to the stimulation activating the IRF3 protein 

which subsequently binds these genes to elicit viral defence pathways through ISG 

activation. The motif sequence identified by HOMER for Irf3 however, is quite similar 
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to the ISRE motif sequence and, with over 80% of genes containing this Irf3 motif, it 

may be that it is another variation of the ISRE motif found in all of the ISGs. 

The final additional motif detected in WT cluster 2 was LEF1. LEF1 is lymphoid 

enhancer binding factor 1 and is involved in the Wnt signalling pathway, but also plays 

important roles in organogenesis, colon cancer progression, leukaemia and cartilage 

degeneration209. NFkB has been found to regulate LEF1 gene expression in arthritic 

chondrocytes through the presence of an NFkB binding site upstream of the LEF1 

transcription start site209. Given the IFNa stimulation would have caused an increase 

in NFkB activation, this may have resulted in changes to LEF1 motif-containing genes 

activity and resulted in this motif being highlighted by the MEA. 

The GO term analysis for WT cluster 3 was also very similar to the result obtained 

from WT cluster 3 from the original GO term analysis on the significantly different 

peaks (p-value < 0.05). Many GO terms pertaining to viral defence mechanisms, 

response to external stimuli and IFN signalling were present again in this second GO 

term analysis of WT cluster 3. The top 20 most significant GO terms identified 

originally suggested a role of WT cluster 3 peaks in other broad biochemical processes 

such as lipid phosphorylation and intracellular signal transduction. These broad 

functions were not apparent in this subsequent GO term analysis and GO terms were 

more similar to those seen in WT cluster 1 and 2.  

 

The results obtained for the MEA of WT cluster 3 still produced the most significantly 

enriched motif to be ISRE, as expected. However, the previously identified motifs, 

Obox6 and ERG(ETS) were not reproduced, confirming the suspicion that these motifs 

may be erroneous. The second MEA instead identified PRDM1, MITF, ZEB1 and 

Chop(bZIP) as significantly enriched motifs in WT cluster 3.  

 

PRDM1 (PR domain containing 1 with zinc finger domain), also known as Blimp1 (B-

lymphocyte induced maturation protein-1), is a transcriptional repressor involved in 

regulating stem cells, immune cells and also IFNβ gene expression210. The 

transcription of PRDM1 has been shown to increase upon viral infection and it acts to 

directly compete for IRF binding motifs, so antagonising the activation of ISGs211. 

This antagonist ability arises from PRDM1 and IRFs having similar binding motifs 
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therefore enabling PRDM1 to bind to the same regulatory sites as IRF1 and IRF2 to 

prevent their transcription212. Therefore, an increase in repressive PRDM1 found in 

the data within WT cluster 3, consisting of the fastest closing regions of chromatin, 

may be explained by these regions having a greater PRDM1 binding ability than 

regions in the other clusters. Consequently, as the immune response progresses, 

PRDM1 protein levels increase and the genes in this cluster become inhibited and the 

chromatin closes, thus regulating the immune response to the IFNa through 

antagonising the activation of IRF.   

MITF is a transcription factor associated with the differentiation and function of mast 

cells213 that binds to the MITF motif. Mast cells are part of the innate immune response 

and have been shown to produce a type I IFN response to viral infections214, but BJ5ta 

cell cultures are not mast cells. Reasons as to why the MITF motif is enriched in this 

WT cluster 3 is unclear. 

ZEB1 is ‘zinc finger E-box binding homeobox 1’ protein, which has a role in the 

transcriptional repression of genes such as IL-2 and drives epithelial to mesenchymal 

transitions215. ZEB1 is expressed in a variety of immune cells such as macrophages, 

dendritic cells but also B- T- and NK cells. Here ZEB1 carries out its role in regulating 

transcription and is important for differentiation and cell function216. The role of ZEB1 

in controlling genes during the response of WT BJ5ta cells to IFNa is novel. It may 

be that ZEB1 is functioning to regulate other genes within the immune response 

through interactions that have yet to be identified. 

CHOP (C/EBP homologous protein 10) is a member of the bZIP (basic-Leucine 

Zipper) family of transcription factors, which activate genes in response to stimuli that 

elicit cellular genes. CHOP has been shown to promote apoptosis and growth arrest in 

cells217. There is no direct connection in the literature between CHOP and IFNa 

stimulation that clearly explains the enrichment of this motif among chromatin regions 

that open in response to IFNa.  

 

The GO term analysis for WT cluster 4 suggests that these peaks were not involved in 

the immune response or viral defence signalling pathways. Furthermore, the MEA of 

WT cluster 4 did not identify any significant motifs. This may be a consequence of 
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this cluster only containing 12 peaks, therefore making it difficult to draw any 

statistically significant conclusions. However, the absence of the ISRE motif in the 

MEA for WT cluster 4 is consistent with these peaks not being stimulated by IFNa. 

 

 

PMLII KO BJ5ta Cells Analysis 

 

Increasing the total number of peaks to 500 for the PMLII KO BJ5ta data set 

incorporated an extra 424 peaks and gave rise to an additional two clusters in the k-

means analysis. The results from the initial clustering showed three distinct groups of 

peaks that all opened quickly at 2 h and then closed at varying speeds. These temporal 

patterns were only reflected in PMLII KO cluster 3 and 4 of the analysis on the 500 

peaks. The additional clusters revealed new temporal patterns not seen in the first 

analysis. However, upon further investigation of the data through GO term analysis 

and MEA, these additional clusters appeared to be capturing more background noise 

in the data rather than subtle signal missed in the original analysis.  

 

PMLII KO cluster 3 was one of the two peak clusters that did display a similar 

temporal pattern to that seen in the original analysis. These peaks opened quickly by 

2 h, remained open at 4 h and then began to close again by 24 h. The GO term analysis 

for the new PMLII KO cluster 3 identified similar functions and processes identified 

in the original analysis, particularly those relating to virus defence and IFN signalling 

pathways. This indicated that PMLII KO cluster 3 contained genes responding to the 

IFNa stimulation and was part of the desired signal within the data. The MEA for 

PMLII KO cluster 3 produced some significantly enriched motifs. As anticipated, the 

most significant motif was ISRE, confirming that these regions correspond to ISGs.  

 

Previous MEA of the PMLII KO BJ5ta data only identified the IRF3/ISRE motif 

which was identified in just one cluster – the medium inactivation speed PMLII KO 

cluster 1. Now, using the larger data set, a second motif was found to be enriched in 

the new PMLII KO cluster 3, STAT5. STAT5 is a member of the STAT family of 

transcription factors that are stimulated by cytokines and growth factors resulting in 

their tyrosine phosphorylation and dimerization, leading to nuclear translocation. 

STAT5 has key interactions with chromatin-remodelling factors and other 
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transcription factors218 and has been shown to regulate cell proliferation, apoptosis, 

differentiation and inflammation219. The JAK/STAT signalling pathway is activated 

following IFNa stimulation to lead to activation of ISGs and this may explain the 

increase in genes containing the STAT5 motif in PMLII KO cluster 3. Interestingly, 

through the analysis of genomic STAT5-binding patterns in cell lines and transgenic 

mice, the binding motifs of different transcription factors have been found enriched 

around the centre of the STAT5-binding site. The C/EBP family of transcription 

factors which were identified to be enriched in the STAT5 motif with some C/EBPs 

found to highly occupy STAT5-binding sites in some epithelial cells220. In hepatocytes 

it was also shown that C/EBP and HNF (hepatocyte nuclear factor) family member 

binding motifs were enriched around the centre of the STAT5 motif220. C/EBP was a 

motif highlighted as enriched in WT cluster 3 and Hnf4a was identified as enriched in 

PMLII KO cluster 4. These motifs may have been highlighted as a consequence of 

being present within the STAT5 motif, rather than having their own increase in activity 

following IFNa stimulation, especially as there is not yet a clear link between C/EBP 

and the innate immune response in BJ5ta cells. 

 

PMLII KO cluster 4 contained the peaks opened quickly at 2 h and then began to close 

at 4 h and remained closed at the 24 h timepoint. This cluster was the second cluster 

to have a temporal pattern that was repeated from the initial analysis on the 

significantly different peaks (p-value < 0.05). The GO term analysis for PMLII KO 

cluster 4 also contained functions connected to type I IFN signalling and responses to 

viral infections. These GO terms were similar to those found enriched in PMLII KO 

cluster 3 so still no cluster-specific functions or processes were identified despite the 

increase in peak number in the cluster. The MEA for PMLII KO cluster 4 confirmed 

that ISGs were also present in this cluster, through identifying the enrichment of IRF8 

which contained a motif very similar to the ISRE. There was an additional cluster 

specific motif in PMLII KO cluster 4, Hnf4a. HNF4a is hepatocyte nuclear factor 4 

alpha and is a member of the nuclear receptor family of transcription factors. HNF4a 

regulates the expression of hepatic genes during the transition of endodermal cells to 

hepatic progenitor cells221. This is not an expected motif or function to be enriched 

following the addition of IFNa to the fibroblasts. However, as explained above, the 
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presence of this motif and its apparent enrichment may be a consequence of its location 

within the STAT5 motif220. 

 

The new PMLII KO cluster 1 showed GO terms pertaining to meiosis which was not 

an expected function to be enriched in PMLII KO BJ5ta cells following IFNa 

stimulation. This suggests that the peaks within PMLII KO cluster 1 are representing 

genes responsible for conducting other background functions rather than responding 

to IFNa. The hypothesis that these genes were not ISGs was supported by the MEA 

which found no motifs more significant than in random samples of background data.  

 

Similarly, the new PMLII KO cluster 2 also showed a new temporal pattern and 

potentially contained regions of chromatin linked to background noise rather than 

desired signal. The GO term analysis identified functions and processes linked to 

binding glycosaminoglycans, the extracellular matrix and sulfur compounds; again, 

terms not predicted or instinctively connected to PMLII KO BJ5ta cells following 

stimulation with IFNa. It was made further apparent that these peaks did not represent 

ISGs, as the MEA failed to highlight the ISRE motif or any significant motifs 

compared to the background data set of all peaks in the genome. This suggest that 

PMLII KO cluster 2 was also capturing background noise rather than additional signal. 

 

PMLII KO cluster 5 was another new temporal pattern identified in this second round 

of analysis using 500 peaks. GO term analysis of the genes annotated to these peaks 

identified functions connected to heart development and cardiac processes. These were 

not terms expected to be identified in PMLII KO BJ5ta fibroblast cells treated with 

IFN and did not suggest that these genes were ISGs or responding to the IFNa 

stimulation. This was made further apparent by the MEA which also did not find any 

enriched motifs in PMLII KO cluster 5 confirming the hypothesis that these peaks 

were more illustrative of background noise.  

 

Overall, increasing the peak number for hierarchical cluster analysis to 500 was 

somewhat beneficial. It increased the number of peaks in each WT cluster previously 

identified and enabled more cluster specific motifs to be found in the MEA. Similarly, 

for the PMLII KO data set, STAT5 and Hnf4a motifs were shown to be enriched within 
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the data in addition to the ISRE previously detected. However, increasing the peak 

number did appear to introduce more peaks that could not be associated with functions 

or may have been background noise into the data sets. This was especially true for the 

PMLII KO BJ5ta data set, which had been increased by an additional 424 peaks. 

Although three of the five clusters defined for the PMLII KO data appeared to 

represent underlying background signal, the increased number of peaks did increase 

the statistical power for the MEA and identified some other potential motifs.  

 

 

4.4.5 Comparing the Differential Peaks in the WT vs the PMLII KO at the 2 h 

Timepoint 

 

The attempt to compare the WT and PMLII KO BJ5ta data sets more directly, to try 

and elucidate PMLII dependent mechanisms, by assessing the peaks that were 

significantly different following the addition of IFNa was not as enlightening as 

anticipated. There was little difference between the peaks that changed in both the WT 

and PMLII KO data sets and those that only changed in the WT cells. This was 

reflected in the GO term analysis which identified many of the same GO terms for 

both groups. Although this does confirm that those genes changing and being analysed 

were the ISGs of interest and not background noise, it did not reveal any group-specific 

functions. There were no real differences in enriched functions or processes between 

those regions of chromatin that were changing in both the WT and PMLII KO 

experiments compared to those peaks that were only significantly different in the WT 

results, even upon comparison of the top 20 most significant GO terms. 

 

The MEA was also unable to identify any significantly different motifs when 

comparing the peaks that changes in just the WT cells to those changing in both data 

sets. This may have been a consequence of the peak numbers being relatively small 

for MEA. 66 peaks changed in both the WT and PMLII KO data sets and were used 

as the test sample. This was assessed against a background data set of the 234 peaks 

which only changed in the WT data set. As the test peak set comprised quite a large 

proportion of the background data set, it made it difficult for the MEA to identify any 

significantly enriched motifs.  
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4.4.6 Conclusions on ATAC Seq Findings 

 

Utilising the genome-wide approach of ATAC seq on BJ5ta WT and BJ5ta PMLII KO 

cells provided a useful method for assessing changes in the global chromatin 

landscape. Replication of biological samples was good and as well as the data being 

of a good quality, a strong advantage over the ChIP data. There was clearly a 

successful stimulation of the cells by IFNa as confirmed by the GO term analysis 

identifying IFN signalling and viral response processes, and the MEA showing the 

most significantly enriched motif was ISRE in many clusters.  

 

The analysis identified novel, clearly distinct, temporal patterns within the WT and 

PMLII KO data for the activated ISGs and elucidated some clusters-specific motifs 

through the MEA. Comparison of these motifs to ChIP seq data sets would help to 

confirm the presence of transcription factor binding site, which would be of particular 

use in cases where it is suspected that the de novo MEA has mislabelled the motifs 

present. By assessing the ChIP seq data, it would enable transcription factors that 

interact with the chromatin at corresponding positions to the open regions detected by 

the ATAC seq, to be found. The transcription factors identified would potentially 

confirm the presence of motifs within the chromatin and validate the MEA results. 

 

Investigation into each of these motifs and the associated genes is required to try and 

extract the relationship between these regions of chromatin, the temporal patterns and 

BJ5ta cells responding to IFNa stimulation. Comparing the ATAC seq data set to 

matching RNA seq data would help to identify biological significance for the results 

regarding changes to chromatin. The RNA seq would show changes to transcriptional 

activity and could support the changes seen at the chromatin level. 

 

Further analysis of this ATAC seq data set investigating the positions relative to genes 

and transcription start site at which the chromatin is changing in response to 

stimulation could be conducted. This could provide information based upon the 

position of the peaks from the ATAC seq data relative to the genes. GO term analysis 

and MEA on those peaks that are distal or proximal to genes could then be conducted 

to identify any location specific functions.
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5 The role of PMLII in regulating basal chromatin openness 

 

5.1 Introduction 

 

Work in chapter 4 focused on the changes that occurred at the chromatin level 

following an IFNa stimulation in BJ5ta cells with or without PMLII being expressed. 

That analysis assessed the peaks that were significantly different between the 

unstimulated cells and the 2 h IFNa stimulated cells within each cell line. However, it 

also revealed that some significant differences in the presence of histone marker at 

ISG54 were apparent in the unstimulated conditions of the WT BJ5ta cell and their 

PMLII KO counterparts. Consequently, this chapter aims to assess more directly, these 

PMLII dependent changes by comparing the unstimulated conditions from both cell 

lines. 

 

In addition to the BJ5ta fibroblast dataset generated in this project, an additional small 

ATAC seq dataset from HeLa cells, created by the Nelson Lab (University of 

Warwick) from material that I generated, was also analysed. These data comprised of 

single biological samples for two different conditions: unstimulated HeLa cells 

following 48 h incubation with control siRNA or PMLII siRNA.  

 

Once significantly different genes were identified, bioinformatic tools were then 

utilised to conduct analysis on these ATAC seq datasets, comparing the WT PMLII 

conditions to reduced/KO PMLII conditions in the HeLa and BJ5ta cells respectively. 

Following gene annotation, GO term analysis was performed with the aim to identify 

PMLII specific functions and processes by comparing the two cell lines. MEA was 

also carried out to elucidate any differences in transcription factor binding in the 

absence of normal, physiological PMLII concentrations.  
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5.2 Chromatin Openness Analysis of Unstimulated BJ5ta Cells by ATAC Seq 

 

Preparation and preliminary data processing of these unstimulated BJ5ta cell samples 

was previously discussed in Chapter 4 Section 4.3. This showed that the triplicates 

were highly reproducible and of good quality. To understand the effect of PMLII KO 

on basal gene expression, DESeq2 analysis was used to compare the unstimulated 0 h 

WT data to the unstimulated 0 h PMLII KO data to identify peaks that were 

significantly different between the two conditions.  

 

To provide a visual comparison, the three biological replicates for the WT BJ5ta cells 

versus the PMLII KO BJ5ta were displayed as a volcano plot (Figure 5.2.1) and an 

XY plot (Figure 5.2.2). These plots show that there were many peaks that significantly 

increased in the PMLII KO cells compared to the WT cells, but also that a large 

number of peaks decreased too, indicating that a large number of regions of chromatin 

were changed in accessibility in the PMLII KO samples compared to the WT cells. 

The peaks that had p-values, when adjusted with a multiple test correction, less than p 

= 0.05 were then divided into two groups based on the direction of change. 8,738 peaks 

showed a significantly increased number of reads, on average across the three PMLII 

KO cell replicates compared to the number of reads at the same peak in the WT cell 

data. 14,979 peaks were shown to significantly decrease in read counts in the PMLII 

KO data compared to the same peaks in the WT samples. Out of the total 168,499 

peaks identified by the ATAC seq experiment, 5.19% of the peaks increased upon 

PMLII KO and 8.89% of the peaks decreased in read count when PMLII was removed. 

With a total of 14.08% of peaks changing, this suggests that there was a large 

difference in chromatin openness between the two cell lines indicating a substantial 

role for PMLII in regulating gene activity in the absence of any externally applied 

change in conditions. 
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Figure 5.2.1: Volcano plot of the ATAC seq data from BJ5ta cells to identify peaks with 
significant changes in fold expression in PMLII KO compared to WT BJ5ta cells. The 
significantly different peaks (p-value < 0.05) identified by DESeq2 for the comparison 
between 0 h WT BJ5ta vs 0 h PMLII KO BJ5ta cells. The red horizontal line depicts the 
significance of expression threshold. The blue vertical lines depict the significance threshold 
for fold change. Points above the red line and to the right of the blue line are considered to 
show significantly increased read counts in the PMLII KO cells compared to the WT cells. 
Points above the red line and to the left of the blue lines are considered to show a decreased 
read count in the PMLII KO cells compared to the WT cells. 
  
 
 

 

Figure 5.2.2: XY scatter plots of the comparison of ATAC seq data from BJ5ta cells and 
PMLII KO BJ5ta cells, to highlight differential peaks. The significantly different peaks 
(red, p-value < 0.05) identified by DESeq2. 
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5.2.1 Gene Ontology Term Enrichment Analysis of the Increased and 

Decreased Peaks 

 

To investigate the properties of the peaks that were significantly different between the 

WT and the PMLII KO unstimulated data sets, GO term enrichment was conducted on 

the datasets of both increased and decreased peaks. First the nearest gene to the region 

of chromatin covered by the peak was annotated using HOMER annotatePeaks.pl (see 

Chapter 4.3.11) and the peak assigned to that gene. These gene lists were then analysed 

using CPDB146 to identify any specific processes or functions that were connected to 

each group.  

 

Table 5.2.1 shows the 10 most significant GO terms identified for the peaks/genes that 

were significantly different upon comparison of the WT and PMLII KO unstimulated 

conditions. There were 1,060 GO terms significantly enriched in the peaks that 

increased in the PMLII KO relative to the WT, with the top 10 showing an involvement 

in protein binding, regulating cell movement and regulation of cellular processes. For 

the peaks that decreased in the PMLII KO cells when compared to the WT data set, 

there were 939 significantly enriched GO terms identified, with the top 10 GO terms 

indicating an involvement in processes and functions such as anatomic structure 

development, regulation of multicellular organismal processes and cellular response 

to organic substances. With ~1,000 GO terms identified as enriched within each data 

set, this highlights a large number of functions and processes are affected by the PMLII 

KO. 
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gene ontology term for increased 
peaks 

set 
size 

candidates 
contained p-value q-value 

GO:0005515   protein binding 11866 2397 (20.2%) 
1.01E-32 7.69E-31 

GO:0009653   anatomical structure 
morphogenesis 2560 671 (26.2%) 

1.35E-31 2.91E-29 

GO:0040012   regulation of locomotion 956 305 (31.9%) 
4.11E-28 3.29E-25 

GO:0051270   regulation of cellular 
component movement 960 302 (31.5%) 

1.07E-26 1.76E-23 

GO:2000145   regulation of cell motility 881 282 (32.0%) 
2.87E-26 2.35E-23 

GO:0048522   positive regulation of 
cellular process 5324 1189 (22.4%) 

1.97E-25 1.08E-22 

GO:0050793   regulation of 
developmental process 2503 633 (25.3%) 

5.66E-25 2.27E-22 

GO:0048518   positive regulation of 
biological process 6051 1321 (21.9%) 

1.44E-24 3.85E-22 

GO:0006928   movement of cell or 
subcellular component 2079 542 (26.1%) 

2.20E-24 2.36E-22 

GO:0051239   regulation of multicellular 
organismal process 2989 729 (24.4%) 

3.21E-24 6.42E-22 

 

gene ontology term for decreased 
peaks 

set 
size 

candidates 
contained p-value q-value 

GO:0009653   anatomical structure 
morphogenesis 2560 796 (31.1%) 

3.52E-25 7.74E-23 

GO:0051239   regulation of multicellular 
organismal process 2989 908 (30.4%) 

3.94E-25 3.23E-22 

GO:0007399   nervous system 
development 2335 720 (30.8%) 

2.08E-21 3.58E-18 

GO:0051240   positive regulation of 
multicellular organismal process 1689 541 (32.0%) 

1.11E-19 9.59E-17 

GO:0048731   system development 4713 1307 (27.7%) 
2.00E-19 8.20E-17 

GO:0048856   anatomical structure 
development 5790 1564 (27.0%) 

5.48E-19 6.03E-17 

GO:0032879   regulation of localization 2663 791 (29.7%) 
1.00E-18 2.73E-16 

GO:0007275   multicellular organism 
development 5289 1441 (27.2%) 

1.52E-18 1.11E-16 

GO:0071310   cellular response to 
organic substance 2601 774 (29.8%) 

1.60E-18 9.17E-16 

GO:0065008   regulation of biological 
quality 3912 1101 (28.1%) 

4.90E-18 2.69E-16 
 

Table 5.2.1: GO term analysis of the annotated peaks identified as significantly decreased 
or significantly increased upon comparison of the WT and PMLII KO BJ5ta ATAC seq 
data sets by DESeq2. Peaks were annotated using HOMER annotatePeaks.pl to assign 
associated gene names. These gene lists were then assessed by GO term analysis using CPDB. 
The top 10 most significant GO terms identified for the peaks which increased (A) and 
decreased (B) between the two different PMLII conditions are shown.  
 

 

A 

B 
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To try and identify any underlying functions or processes that were specific to the 

decreased peaks/genes or specific to the increased peaks/genes the 20 most significant 

GO terms were compared for the two groups. Some GO terms were present in both the 

increased and decreased results suggesting that the removal of PMLII was altering the 

gene expression activity both positively and negatively in some cases. This may be a 

consequence of different genes within the same pathway being impacted by the PMLII 

KO to give an overall change in cell activity. To try and assess the genes that only 

change in one direction, these GO terms were removed, leaving those unique to the 

increased or decreased groups (Table 5.2.2). This analysis further identified that the 

peaks/genes which increased in accessibility in the PMLII KO relative to the WT were 

involved in cell movement and regulation of cellular and biological processes. By 

expanding the selection of GO terms to the top 20 most significant GO terms, the result 

highlighted that peaks which decreased in the PMLII KO samples compared to the WT 

cells were linked to processes and functions involving neurones and the nervous 

system as well as regulating multicellular processes and responses to chemical stimuli. 

 

Increased peaks in KO compared to WT Decreased peaks in KO compared to WT 
GO:0005515   protein binding GO:0007399   nervous system development 

GO:0040012   regulation of locomotion GO:0051240   positive regulation of 
multicellular organismal process 

GO:0051270   regulation of cellular component 
movement GO:0032879   regulation of localization 

GO:2000145   regulation of cell motility GO:0071310   cellular response to organic 
substance 

GO:0048522   positive regulation of cellular 
process GO:0065008   regulation of biological quality 

GO:0048518   positive regulation of biological 
process GO:0022008   neurogenesis 

GO:0006928   movement of cell or subcellular 
component GO:0048468   cell development 

GO:0072359   circulatory system development GO:0048699   generation of neurons 
GO:0048519   negative regulation of biological 
process 

GO:0032989   cellular component 
morphogenesis 

GO:0048523   negative regulation of cellular 
process 

GO:0070887   cellular response to chemical 
stimulus 

GO:2000026   regulation of multicellular 
organismal development 

GO:0051094   positive regulation of 
developmental process 

GO:0051128   regulation of cellular component 
organization GO:0030182   neuron differentiation 

Table 5.2.2: Specific GO terms from the GO term analysis of the annotated peaks present 
exclusively in either the increased or decreased groups of peaks/genes identified in ATAC 
seq analysis of WT vs PMLII KO BJ5ta cells. Comparing the top 20 GO terms for both 
groups, identical GO terms found in both lists were removed. The remaining GO terms are 
therefore unique to each group. 
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5.2.2 Motif Enrichment Analysis for the Significantly Different Peaks 

 

De novo MEA was utilised to elucidate regulatory elements enriched within the 

sequences defined by the increased- or decreased-openness groups of peaks that differ 

between WT and PMLII KO cells. This was completed using HOMER 

findMotifsGenome.pl177 in the same way as described previously (See Chapter 4 

Section 4.3.12). The background data set initially used for the MEA comprised of all 

unchanging peaks identified in the ATAC seq analysis. To obtain a true p-value 

threshold for significance, five random samples of the background data were analysed, 

of equal size to the increased and decreased groups of peaks (8,738 and 14,979 

respectively). The thresholds for significance were determined to be 1E-15 for the 

increased peaks and 1E-16 for the decreased peaks (Figure 5.2.3).  

  
Figure 5.2.3: Calculating the p-value threshold for significance using random samples of 
background data assessed by HOMER de novo motif enrichment analysis. The 
background dataset consisted of all genes annotated from the unchanged peaks identified 
across the whole genome. Random sample sizes corresponded to the number of genes (n) 
present in each group. 
 

 

Applying these significance thresholds, the MEA identified 30 motifs that were 

significantly enriched in the peaks/genes that were increased in the PMLII KO data set 

(Table 5.2.3). There were 35 motifs enriched in the peaks/genes that were significantly 

decreased (Table 5.2.4). Because the de novo motif-finding algorithm identifies similar 

motifs by different names depending on the motif it encounters first, it is difficult to 

unambiguously define the number of unique motifs and conclude whether or not they 
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are all variations of similar motifs being identified across both conditions. 

Furthermore, some of the statistically significant motifs identified by HOMER are not 

necessarily biological significant. In some instances, the % of targets and % of 

background values are both close to 100%, such as SP1 in position 30 which infers a 

ubiquitous presence of SP1 in both the target and background gene sets and therefore, 

is not a biologically significant outcome. 
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Motif analysis 
 

Build the background file = all peaks from the whole genome that dont change ie. all peaks excluding the peaks which increase/decrease in the KO 

compared to the WT at 0h 

 

Run annotatePeaks and findMotifsGenome using Homer for the peakfile_countsnorm_edit_0hWTvs0hKO_padj0.05_decreased_in_KO and 

 
 

 

 

Done on peaks which were upregulated in the KO at 0h relative to the WT at 0h vs all peaks from the genome that do not change 

Done on peaks which were downregulated in the KO at 0h compared to the WT at 0h vs all peaks from the genome that did not change  

 

Rank Motif P-value % of 
Targets

% of 
Background

STD(Bg
STD) Best Match/Details

1 1.00E-150 62.59% 48.55%
263.9bp 

(295.3bp)

AP-1(bZIP)/ThioMac-PU.1-ChIP-

Seq(GSE21512)/Homer(0.884)

2 1.00E-145 63.94% 50.20%
302.0bp 

(352.4bp)
RUNX2/MA0511.2/Jaspar(0.823)

3 1.00E-140 65.72% 52.29%
280.8bp 

(308.5bp)
MF0005.1_Forkhead_class/Jaspar(0.906)

4 1.00E-134 51.17% 38.03%

326.9bp 

(389.5bp)
NFIX/MA0671.1/Jaspar(0.789)

5 1.00E-134 67.00% 53.90%

366.5bp 

(461.7bp)
ETV5/MA0765.1/Jaspar(0.822)

6 1.00E-130 67.95% 55.09%
311.1bp 

(376.5bp)
Atf1/MA0604.1/Jaspar(0.945)

7 1.00E-127 87.56% 77.41%
386.8bp 

(475.2bp)

E2F4(E2F)/K562-E2F4-ChIP-

Seq(GSE31477)/Homer(0.685)

8 1.00E-122 70.15% 57.86%
302.9bp 

(342.2bp)

CArG(MADS)/PUER-Srf-ChIP-

Seq(Sullivan_et_al.)/Homer(0.825)

9 1.00E-112 89.15% 80.11%
351.5bp 

(425.5bp)
PH0035.1_Gsc/Jaspar(0.691)

10 1.00E-106 64.66% 52.94%
346.0bp 

(406.1bp)

Gli2(Zf)/GM2-Gli2-ChIP-

Chip(GSE112702)/Homer(0.758)

11 1.00E-105 84.96% 75.32%
416.5bp 

(501.5bp)
PB0046.1_Mybl1_1/Jaspar(0.655)

12 1.00E-104 82.64% 72.67%
330.1bp 

(395.3bp)
PB0137.1_Irf3_2/Jaspar(0.639)

13 1.00E-102 83.44% 73.70%
309.1bp 

(366.0bp)

TEAD3(TEA)/HepG2-TEAD3-ChIP-

Seq(Encode)/Homer(0.867)

14 1.00E-100 74.49% 63.72%
362.7bp 

(438.8bp)
PB0098.1_Zfp410_1/Jaspar(0.654)

15 1.00E-98 64.58% 53.33%
296.5bp 

(341.9bp)
TEAD4/MA0809.1/Jaspar(0.626)

16 1.00E-94 71.07% 60.38%

399.6bp 

(477.6bp)

Zfp809(Zf)/ES-Zfp809-ChIP-

Seq(GSE70799)/Homer(0.583)

17 1.00E-85 88.15% 80.22%
370.2bp 

(452.4bp)

Zac1(Zf)/Neuro2A-Plagl1-ChIP-

Seq(GSE75942)/Homer(0.669)

18 1.00E-83 94.27% 88.13%
342.0bp 

(409.9bp)

ELF3(ETS)/PDAC-ELF3-ChIP-

Seq(GSE64557)/Homer(0.675)

19 1.00E-80 86.64% 78.69%
370.8bp 

(449.9bp)
Zfx/MA0146.2/Jaspar(0.634)

20 1.00E-79 92.93% 86.50%
328.3bp 

(393.8bp)

ZNF416(Zf)/HEK293-ZNF416.GFP-ChIP-

Seq(GSE58341)/Homer(0.735)

21 1.00E-76 95.81% 90.55%
304.7bp 

(352.9bp)
NR4A1/MA1112.1/Jaspar(0.626)

22 1.00E-76 93.56% 87.50%
349.2bp 

(412.6bp)
KLF4/MA0039.3/Jaspar(0.839)

23 1.00E-74 95.28% 89.91%
304.5bp 

(353.6bp)
PB0141.1_Isgf3g_2/Jaspar(0.694)

24 1.00E-68 92.60% 86.65%
292.1bp 

(327.6bp)
MEF2C/MA0497.1/Jaspar(0.596)

25 1.00E-66 95.58% 90.68%
330.6bp 

(394.0bp)

Nkx6.1(Homeobox)/Islet-Nkx6.1-ChIP-

Seq(GSE40975)/Homer(0.813)

26 1.00E-61 96.51% 92.21%
296.8bp 

(341.0bp)
Sox5/MA0087.1/Jaspar(0.606)

27 1.00E-46 97.82% 94.73%

299.2bp 

(341.3bp)

NFkB-p65-Rel(RHD)/ThioMac-LPS-

Expression(GSE23622)/Homer(0.627)

28 1.00E-45 98.30% 95.52%

312.5bp 

(352.2bp)
IRF7/MA0772.1/Jaspar(0.680)

29 1.00E-18 99.62% 98.70%
285.1bp 

(322.8bp)
NRL/MA0842.1/Jaspar(0.773)

30 1.00E-17 99.30% 98.21%
354.5bp 

(426.4bp)
SP1/MA0079.3/Jaspar(0.709)
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Table 5.2.3: The significantly enriched motifs identified by HOMER de novo motif enrichment analysis of peaks identified as significantly increased in 
ATAC seq read-count in PMLII KO BJ5ta in comparison to WT by DESeq2. The motifs that were identified as enriched in the increased peaks group, 
when compared to all genes annotated to unchanged peaks identified in the whole genome as background, using HOMER findMotifsGenome.pl. 
 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rank Motif P-value % of 
Targets

% of 
Background

STD(Bg 
STD) Best Match/Details

1 1.00E-379 41.49% 25.63%
232.1bp 
(242.5bp)

CEBPA/MA0102.3/Jaspar(0.932)

2 1.00E-195 59.33% 46.99%
247.8bp 
(239.0bp)

MITF(bHLH)/MastCells-MITF-ChIP-
Seq(GSE48085)/Homer(0.918)

3 1.00E-158 77.43% 67.33%
266.5bp 
(244.2bp)

PB0154.1_Osr1_2/Jaspar(0.628)

4 1.00E-151 75.66% 65.64%
248.7bp 
(247.0bp) PB0196.1_Zbtb7b_2/Jaspar(0.616)

5 1.00E-149 88.32% 80.25%
276.6bp 
(249.6bp)

Rbpj1(?)/Panc1-Rbpj1-ChIP-
Seq(GSE47459)/Homer(0.638)

6 1.00E-142 80.13% 70.93%
256.2bp 
(243.2bp)

MAFG::NFE2L1/MA0089.1/Jaspar(0.695)

7 1.00E-141 78.26% 68.86%
276.0bp 
(244.9bp)

PITX3/MA0714.1/Jaspar(0.609)

8 1.00E-138 74.89% 65.24%
247.1bp 
(239.7bp)

PB0028.1_Hbp1_1/Jaspar(0.736)

9 1.00E-138 63.60% 53.34%
242.4bp 
(237.7bp) PBX2/MA1113.1/Jaspar(0.895)

10 1.00E-131 77.54% 68.41%
250.0bp 
(242.1bp)

Twist2/MA0633.1/Jaspar(0.610)

11 1.00E-131 62.92% 52.92%
255.9bp 
(243.7bp)

CEBP:AP1(bZIP)/ThioMac-CEBPb-ChIP-
Seq(GSE21512)/Homer(0.783)

12 1.00E-129 63.35% 53.44%
256.3bp 
(251.5bp)

OTX1/MA0711.1/Jaspar(0.757)

13 1.00E-126 85.96% 78.19%
308.1bp 
(255.5bp)

ASCL1/MA1100.1/Jaspar(0.661)

14 1.00E-125 68.94% 59.38%
260.6bp 
(247.2bp)

GATA3(Zf),DR4/iTreg-Gata3-ChIP-
Seq(GSE20898)/Homer(0.607)

15 1.00E-123 60.91% 51.16%
264.4bp 
(252.3bp)

HIF1A/MA1106.1/Jaspar(0.714)

16 1.00E-121 82.34% 74.16%
253.1bp 
(252.4bp)

VDR/MA0693.2/Jaspar(0.636)

17 1.00E-117 77.63% 69.07%
252.1bp 
(244.5bp)

SREBF1/MA0595.1/Jaspar(0.660)

18 1.00E-112 95.03% 89.90%
260.6bp 
(247.7bp)

PB0201.1_Zfp281_2/Jaspar(0.688)

19 1.00E-110 93.89% 88.45%
250.0bp 
(244.3bp)

TEAD3(TEA)/HepG2-TEAD3-ChIP-
Seq(Encode)/Homer(0.627)

20 1.00E-110 66.24% 57.20%
288.9bp 
(242.3bp)

Slug(Zf)/Mesoderm-Snai2-ChIP-
Seq(GSE61475)/Homer(0.722)

21 1.00E-103 83.31% 75.97%
281.2bp 
(249.9bp)

PB0167.1_Sox13_2/Jaspar(0.655)

22 1.00E-99 68.50% 60.03%
255.7bp 
(244.2bp)

SD0003.1_at_AC_acceptor/Jaspar(0.673)

23 1.00E-98 96.43% 92.20%
249.5bp 
(250.7bp)

PB0062.1_Sox12_1/Jaspar(0.803)

24 1.00E-94 62.44% 53.95%
243.8bp 
(244.9bp)

STAT5(Stat)/mCD4+-Stat5-ChIP-
Seq(GSE12346)/Homer(0.695)

25 1.00E-93 96.84% 92.92%
259.0bp 
(242.2bp)

FOSL1/MA0477.1/Jaspar(0.659)

26 1.00E-90 93.06% 87.98%
251.0bp 
(250.0bp)

PH0068.1_Hoxc13/Jaspar(0.692)

27 1.00E-71 99.23% 97.13%
264.5bp 
(243.1bp)

ZNF768(Zf)/Rajj-ZNF768-ChIP-
Seq(GSE111879)/Homer(0.829)

28 1.00E-65 85.32% 79.81%
385.9bp 
(271.5bp)

PB0095.1_Zfp161_1/Jaspar(0.697)

29 1.00E-47 98.87% 97.09%
325.7bp 
(259.4bp) NHLH1/MA0048.2/Jaspar(0.699)

30 1.00E-39 96.97% 94.70%
246.3bp 
(244.8bp)

MF0010.1_Homeobox_class/Jaspar(0.738)

31 1.00E-22 99.82% 99.21%
277.9bp 
(248.3bp)

PB0199.1_Zfp161_2/Jaspar(0.728)

32 1.00E-17 99.89% 99.45%
255.4bp 
(247.5bp)

RBPJ/MA1116.1/Jaspar(0.689)

33 1.00E-17 99.79% 99.28%
271.8bp 
(248.9bp)

HEY2/MA0649.1/Jaspar(0.715)

34 1.00E-15 99.78% 99.31%
281.5bp 
(249.1bp)

PRDM10(Zf)/HEK293-PRDM10.eGFP-ChIP-
Seq(Encode)/Homer(0.617)

35 1.00E-13 99.95% 99.63%
261.7bp 
(243.4bp)

TFE3/MA0831.2/Jaspar(0.696)
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Table 5.2.4: The significantly enriched motifs identified by HOMER de novo motif enrichment analysis of peaks identified as significantly decreased 
in ATAC seq read-count in PMLII KO BJ5ta in comparison to WT by DESeq2. The motifs that were identified as enriched in the decreased peaks group, 
when compared to all genes annotated to unchanged peaks identified in the whole genome as background, using HOMER findMotifsGenome.pl. 
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To reduce the number of motifs further, a direct comparison was conducted in the 

MEA. Instead of using all the unchanged peaks identified in the ATAC seq analysis, 

the increased peaks were assessed using the decreased peaks as the background data 

set. Again, five random samples of 8,738 peaks were taken from the background data 

set to determine a p-value threshold for significance, which was calculated to be 1E-

63. This more direct MEA comparison gave one motif that was above this very high 

threshold for significance: FoxD3(forkhead) (Table 5.2.5). This is related to the motif 

listed at #3 in Table 5.2.3 when these same peaks were analysed against a different 

background dataset. 

 

 

 

 

Table 5.2.5: The one significantly enriched motif identified by HOMER de novo motif 
enrichment analysis of peaks identified as significantly increased upon direct comparison 
to peaks identified as significantly decreased in analysis of WT and PMLII KO BJ5ta 
ATAC seq data sets by DESeq2.  
  

 

5.3 ATAC Seq Analysis of Unstimulated HeLa Cells 

 

5.3.1 Sample Preparation and Sequencing 

 

HeLa cells were grown to 20% confluency and then transfected with either control 

siRNA or siRNA designed to reduce PMLII expression (See Chapter 3 Section 3.2) 

for 48 h. Following this, one sample of 50,0000 cells was harvested from each 

condition and provided to the Nelson Lab (University of Warwick) who completed the 

ATAC library sample preparations following the FAST-ATAC seq protocol according 

to Buenrostro et al (2015)135 instead of the OMNI-ATAC protocol followed in Chapter 

4.  

 

Sequencing was conducted in the same way as Chapter 4 (Section 4.3.2), using 

Illumina dual indexing to conduct 50 bp paired-end sequencing, utilising two index 

reads of 8 bp. The sequencing obtained 46,588,206 paired reads for the control siRNA 

sample and 45,000,846 paired reads for the PMLII siRNA-transfected sample.  

Rank Motif P-value % of 
Targets

% of 
Background

STD(Bg
STD) Best Match/Details

1 1e-109 32.54% 22.12% 279.9bp 
(376.7bp)

FoxD3(forkhead)/Zebrafish
Embryo-Foxd3.biotin-ChIP-
seq(GSE106676)/Homer(0.
874)
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5.3.2 Preliminary Data Processing and Initial Quality Control 

 

The HeLa cell data underwent the same preliminary processing as the BJ5ta data 

described previously (Chapter 4 section 4.3.3). Initial trimming of the reads to remove 

adapter sequences was performed using Trimmomatic. The trimlog generated, showed 

that 99.87% of the pairs in both the control siRNA sample and PMLII siRNA sample 

survived the trimming process. Quality control checks were conducted using FastQC, 

which indicated the two data sets were of reasonable quality after trimming (Figure 

5.3.1) and suitable for alignment to be performed. However, to try and improve the 

quality of the data, filtering measures (see Chapter 2) were applied after the alignment. 
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Figure 5.3.1: Output report generated by FastQC for the HeLa cell ATAC sequencing 
samples. Using Babraham Bioinformatics software FastQC, both samples from the ATAC seq 

data were assessed. The reports generated for the HeLa cells transfected with control siRNA 

(A) or PMLII siRNA (B) are shown. Many of the criteria were found to be positive although 

some negative ratings occurred. The negative rating for “Per base sequence content” and 

“Kmer Content” are however false negatives generated by the Tn5-mediated tagmentation 

process: the first 15 base pairs correspond with the Tn5 bias signature and its presence 

confirms the tagmentation occurred successfully. The other negative criteria indicated that 

further filtering and processing of the data was required after the alignment stage. 

 

A 

B 
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5.3.3 Multistep Alignment of the Reads to Genomes 

 

The reads were then aligned to the mitochondrial genome using Bowtie2 and any reads 

which successfully aligned in this step were removed. The HeLa cell data showed a 

much greater percentage alignment to the mitchondrial genome than the BJ5ta cell 

data (< 22%). For the control siRNA sample, 71.3% of the reads aligned and were 

subsequently removed from the analysis, and similarly 69.55% of the reads from the 

PMLII siRNA sample.  

 

The remaining reads were then aligned to the human nuclear genome with 98.21% and 

98.24% of the control siRNA and PMLII siRNA reads aligning successfully 

respectively (Table 5.3.1).  

Table 5.3.1: Results for the multistep alignment of the HeLa cell ATAC seq reads to the 
mitochondrial genome and then to the human genome.  
 

 

The aligned reads were then visualised using the genome browser IGV (sample region 

shown, Figure 5.3.2). For each data set, numerous locations were checked to 

investigate the data for PCR bias. There were no blocks of reads observed with the 

same start and end point, therefore indicating no substantial PCR bias had occurred in 

the limited cycle PCR stage of library preparation. 

 

Sample 
% Aligned to Mitochondrial 

genome (removed) 

% Residual Reads Aligned to 

Human genome 

Control siRNA 71.3 98.21 

PMLII siRNA 69.55 98.24 
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Figure 5.3.2: IGV Screen shot of the ISG54 gene to illustrate the aligned reads from the 
HeLa cell control siRNA and PMLII siRNA samples. Data were visualised on IGV and 
numerous locations were checked for PCR bias. Many reads are shown under each peak. Peaks 
of aligned reads indicate regions of open chromatin.  
 

Alignment statistics were also produced for each data set to assess the quality of 

alignments to the nuclear genome. BAM Flag distributions were generated, and used 

to indicate the total number of reads that were properly paired for each sample (Table 

5.3.2). Both samples were of good quality, with 95.77% and 95.78% of the total reads 

remaining after filtering being properly paired, and were therefore taken forward in 

the analysis.  

 

Table 5.3.2: Summary of the BAM Flag distribution analysis. The data presented show the 
total number of reads for each HeLa cell ATAC seq sample, the number of properly paired 
reads based on desired BAM Flag distributions and the calculated percentage of total reads 
that were properly paired. 
 

 

Sample 
Total Reads 

after filtering 
Proper Paired Reads % properly paired 

Control siRNA 27,280,878 26,126,816 95.77 

PMLII siRNA 27,471,150 26,311,336 95.78 
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The MAPQ score was also assessed for the HeLa cell ATAC seq data sets as a measure 

of the mapping quality. In both the control siRNA and PMLII siRNA data sets, the 

majority of the reads showed a MAPQ score above 30 (Figure 5.3.3). The data were 

subsequently filtered for quality and uniqueness using the “-f2” filter parameter to 

select for proper paired reads with a MAPQ score >21. These filtered high quality 

reads were carried forward to the next step of analysis.  

 

 

Figure 5.3.3: The MAPQ distribution obtained from the alignment to the human genome 
of the HeLa cell ATAC seq data from control siRNA and PMLII siRNA samples. The 

mapping quality (MAPQ) score is shown against the number of reads. The majority of the data 

had a high MAPQ score in both samples and are therefore correctly and unambiguously 

aligned to the genome. 
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5.3.4 Second Round of Quality Control Checks for ATAC Seq Data 

 

Checking Insert Size 

 

As explained previously (Chapter 4 Section 4.3.5) the insert size is another measure 

of ATAC data quality and should display periodicity representing both the number of 

nucleosomes present in the DNA fragment and the DNA pitch168. Figure 5.3.4 shows 

the insert size distribution for the HeLa control and PMLII-depleted samples. Both 

samples showed a larger first peak representing nucleosome-free DNA fragments, 

followed by progressively smaller peaks containing consecutively more nucleosomes. 

Both samples showed DNA fragments containing 0 - 4 nucleosomes. There was also 

a shorter 10.5 bp periodicity present within each peak indicative of the DNA turns as 

seen for previous samples (Section 4.3.5). The fragment size distributions for both the 

control siRNA and PMLII siRNA samples were comparable with those expected of 

good ATAC seq data. 
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Figure 5.3.4: Quality control check of the insert size length for the HeLa cell ATAC seq 
fragment libraries. The insert size/DNA fragment length distributions for all reads obtained 

for the control siRNA-treated sample (A) and PMLII siRNA-treated sample (B) are shown. 

The data reveals a larger peak corresponding to nucleosome free fragments followed by three 

progressively smaller peaks representing fragments containing 1 - 4 nucleosomes.  

 

 

Second Analysis of the Filtered Data by FastQC 

 

Following the alignments and filtering step to select nuclear genome aligned reads which are 

properly paired with a MAPQ score >21, the data sets were reassessed using FastQC (Figure 

5.3.5). The results showed an improvement in “Sequence Duplication Levels” for both 

samples compared with analysis before filtering (Figure 5.3.1). The two remaining negative 

areas in the report are both artefacts generated by the ATAC seq tagmentation (see Figure 

5.3.1). 
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Figure 5.3.5: Output report generated by FastQC for the filtered ATAC sequencing 
reads. Using Babraham Bioinformatics software FastQC, the properly paired reads with a 
mapped alignment quality score > 21 from the ATAC seq data were assessed. This data 
represents the report generated for the filtered data from the control siRNA HeLa cell ATAC 
sample (A) and the PMLII siRNA HeLa cell ATAC sample (B).  
 

 

5.3.5 Selecting Peaks for Analysis  

 

The two data sets were temporarily merged before peak calling was performed using 

MACS2. This ensured that equivalent peak locations were identically labelled across 

both samples. There were 62,442 peaks identified across the two samples. As in 

Chapter 4, a -log q-value of 3 was selected as the cut off for significance, as regions 
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with less-significant q-values than this that were defined as peaks by MACS2 in fact 

were poorly defined by visual inspection against the background of mapped reads. 

Consequently, peaks with a less significant -log q-value were removed. There were 

55,772 peaks above this significance threshold and therefore carried forward in the 

analysis.  

 

Due to the lack of replicates in the HeLa ATAC seq experiment, DESeq2 could not be 

used to identify significantly different peaks. Instead, the difference between the 

control and PMLII siRNA samples was calculated as a ratio of the read-count values 

at each peak. A pseudo count of 1 was added to all count totals to avoid divisions by 

zero. Peaks with a count ratio greater than 2 or less than 0.5, and therefore displaying 

at least a 2-fold difference between the two samples, were retained for further analysis.   

 

Total count number was also taken into account when selecting peaks for analysis. 

Only peaks which had a total of 20 or more counts across the two samples were 

retained. This ensured that the peak size was suitably large in at least one of the 

samples and removed from consideration small background variation in smaller peaks. 

In total, 2034 peaks with at least a 2-fold difference and >20 counts in total across the 

two conditions were taken forward for further analysis.  

 

 

5.3.6 Gene Ontology Term Enrichment Analysis of the HeLa Cell ATAC Data 

 

To try and elucidate any PMLII dependent functions or processes, GO term analysis 

was conducted on the significantly different peak set identified in 5.3.5. The selected 

peaks were divided up into the 1,073 that decreased in the PMLII siRNA HeLa cells 

compared to the control siRNA sample (had a ratio greater than 2), and the 961 which 

increased in the PMLII siRNA cells relative to the control siRNA HeLa cells (had a 

ratio less than 0.5). The peaks in each group were annotated with the nearest gene 

using HOMER script annotatePeaks.pl144 (see Chapter 4.3.11), and these gene sets 

were then assessed for enriched GO terms using CPDB. The 10 most significant GO 

terms identified for the increased and decreased peaks/genes are shown in Table 5.3.3. 

 



Chapter 5: The role of PMLII in regulating basal chromatin openness 

 230 

GO terms pertaining to differentiation and regulations of cell development were 

enriched in the group of peaks/genes that increased with PMLII depletion. For the 

peaks/genes that decreased with PMLII depletion, GO terms related to neuron 

development were found to be enriched (Table 5.3.3). 

 

gene ontology term for increased peaks set 
size 

candidates 
contained p-value q-value 

GO:0045595   regulation of cell differentiation 1753 108 (6.2%) 1.95E-13 1.68E-10 

GO:0048869   cellular developmental process 4275 195 (4.6%) 4.19E-11 6.70E-09 

GO:0048468   cell development 2110 115 (5.5%) 8.25E-11 3.77E-08 

GO:0060284   regulation of cell development 910 64 (7.0%) 1.63E-10 1.30E-07 
GO:0050793   regulation of developmental 
process 2503 128 (5.1%) 3.62E-10 5.58E-08 

GO:0030154   cell differentiation 4089 185 (4.5%) 3.66E-10 5.58E-08 
GO:0051128   regulation of cellular component 
organization 2498 127 (5.1%) 6.31E-10 2.72E-07 
GO:0051239   regulation of multicellular 
organismal process 2989 145 (4.9%) 6.89E-10 7.87E-08 
GO:0031344   regulation of cell projection 
organization 679 51 (7.5%) 1.49E-09 5.95E-07 
GO:0048856   anatomical structure 
development 5790 239 (4.1%) 1.77E-09 1.41E-07 

 

gene ontology term for decreased peaks set 
size 

candidates 
contained p-value q-value 

GO:0030182   neuron differentiation 1338 92 (6.9%) 1.30E-11 1.16E-08 

GO:0048699   generation of neurons 1483 97 (6.5%) 5.58E-11 4.45E-08 
GO:0051239   regulation of multicellular 
organismal process 2989 160 (5.4%) 1.21E-10 5.65E-08 

GO:0022008   neurogenesis 1580 99 (6.3%) 3.70E-10 1.16E-07 

GO:0048666   neuron development 1088 76 (7.0%) 4.84E-10 1.16E-07 

GO:0007399   nervous system development 2335 131 (5.6%) 5.22E-10 1.16E-07 

GO:0048468   cell development 2110 119 (5.6%) 2.95E-09 6.88E-07 

GO:0031175   neuron projection development 959 67 (7.0%) 5.67E-09 2.26E-06 

GO:0048731   system development 4713 214 (4.5%) 8.54E-08 1.33E-05 

GO:0048858   cell projection morphogenesis 657 49 (7.5%) 1.02E-07 1.81E-05 
 
Table 5.3.3: GO term analysis of genes associated with significantly altered peaks in 
HeLa cell ATAC seq analysis. Selected peaks identified were divided into two groups based 
on whether the fold change displayed an increase or decrease upon PMLII depletion. All peaks 
were annotated using HOMER to assign gene names to each peak. These gene lists were then 
assessed by GO term analysis using CPDB. The top 10 most significant GO terms identified 
for the peaks that increased in the PMLII siRNA cells compared to the control siRNA cells 
(A) and peaks that decreased in the PMLII siRNA cells compared to the control sample (B) 
are shown. 
 

A 

B 
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5.3.6.1 KEGG Analysis of Unexpected GO Terms 

 

Identification of GO terms linked with cell motility in the annotated peaks that 

increased in the fibroblast PMLII KO samples relative to the WT cells, was a less 

anticipated result, and also not reflected within the HeLa cell analysis. Further 

investigation into the 305 genes within the most significantly enriched GO term 

connected to cell movement, “GO:0040012: regulation of locomotion”, was conducted 

using KEGG analysis222. This was performed to try and identify any specific 

underlying pathways within this term that connected those genes affected by PMLII 

removal, as distinct from those in the term not found to be altered, to try and help 

understand the enrichment of this GO term. This analysis highlighted that the genes 

altered by PMLII removal within this GO term were grouped within several major 

signalling pathways (Table 5.3.4) including PI3K-Akt signalling (Figure 5.3.6) and 

MAPK signalling pathways. The pathways with the highest % of matched objects were 

“EGFR tyrosine kinase inhibitor resistance” and “AGE-RAGE signalling pathway in 

diabetic complications”, both of which are include in the PI3K-Akt signalling 

pathway. These pathways had many matched objects and are known to have 

connections with PML223, therefore suggesting a possible explanation as to why GO 

terms involving cell movement were identified in the analysis.  

 

A regulatory relationship between PML-NBs and the PI3K-Akt signalling has 

therefore been identified, with PML recruiting both protein phosphatase 2a (PP2a) and 

Akt to the PML-NBs. This enables a post-translational regulation mechanism in which 

the dephosphorylation of Akt occurs and inhibition of its kinase activity is 

subsequently seen224. The changes in chromatin openness seen in the ATAC seq data 

may indicate a change in expression of the functional components of this pathway. 

These changes at the chromatin level, may have occurred in an attempt to compensate 

for the loss of activity regulation due to PMLII KO in the cells. The KO of PMLII 

would also impact the function of the PML-NBs and could therefore disrupt PI3K-Akt 

signalling and the inhibition of Akt by PP2a. PML’s role in cell cycle regulation can 

also be connected to MAPK signalling. The BMK1/ERK5 kinases within the MAPK 

pathway are able to phosphorylate PML and inhibits it, resulting in reduced activation 

of p21, an important regulator of cell proliferation225. Therefore, KO of PMLII may 

impact this regulation and change the level of MAPK signalling occurring. 
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Pathway 
Number of 
Matched 
Objects 

Total Number 
of Objects in 
Pathway 

% of 
Objects 
Matched 

EGFR tyrosine kinase inhibitor resistance 15 79 18.99 
AGE-RAGE signaling pathway in diabetic 
complications 17 100 17.00 

Axon guidance 26 181 14.36 
Focal adhesion 26 201 12.94 
Rap1 signaling pathway 25 210 11.90 
Phospholipase D signaling pathway 17 148 11.49 
Proteoglycans in cancer 23 205 11.22 
Breast cancer 16 147 10.88 
MAPK signaling pathway 31 294 10.54 
Regulation of actin cytoskeleton 22 214 10.28 
Gastric cancer 15 149 10.07 
Cellular senescence 15 156 9.62 
PI3K-Akt signaling pathway 33 354 9.32 
Human cytomegalovirus infection 20 225 8.89 
Pathways in cancer 46 531 8.66 
Ras signaling pathway 20 232 8.62 
Calcium signaling pathway 15 201 7.46 
MicroRNAs in cancer 19 310 6.13 
Human papillomavirus infection 20 331 6.04 
Cytokine-cytokine receptor interaction 16 294 5.44 

 

Table 5.3.4: The top 20 signalling pathways based upon numbers of matched genes in 
the KEGG pathway analysis of the 305 enriched BJ5ta increased peak gene set found to 
lie within the GO term “GO:00400012: regulation of locomotion”, ordered by % of 
objects that matched.  
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Figure 5.3.6: An example of the pathway analysis results obtained from KEGG analysis. The PI3K-AKT signalling pathway result from KEGG pathway 
analysis of the genes whose chromatin openness was significantly reduced by PMLII removal and which were assigned within GO term “GO:00400012: 
regulation of locomotion”. The green boxes identify components of the PI3K-AKT pathways. Those highlighted with red text indicate components that 
overlap between the gene set and the pathway. 
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The enrichment of GO terms relating to the nervous system development in the peaks 

that decreased in the BJ5ta PMLII KO data compared to the BJ5ta WT samples, and 

also in the decreased peaks in the HeLa data, was unexpected. KEGG analysis was 

carried out using the 720 genes within the GO term “GO:0007399 nervous system 

development” found in the BJ5ta analysis and also on the 92 genes within the 

“GO:0030182 neuron differentiation” GO term significantly enriched in the HeLa 

data. As expected, there was substantial overlap between these two gene sets, with 60 

of the 92 gene IDs present in the HeLa cell data matching the GO term for neuron 

differentiation also being present in the BJ5ta cell data matching the GO term for 

nervous system development. The KEGG analysis was used to identify any underlying 

pathways that were the focus of enrichment of genes within this and other similar 

terms. This revealed some connections to other pathways already connected to these 

gene sets (Table 5.3.5 and Table 5.3.6), with major signalling pathways such as PI3K-

Akt and MAPK also identified in these KEGG analyses. However, both sets of results 

also highlight axon guidance, signalling pathways regulating pluripotency of stem 

cells and gastric cancer as the pathways with highest % of matched objects. The 

presence of both axon guidance and regulation of stem cells further suggests a role of 

PMLII in development of the nervous system that was not anticipated from published 

studies. 
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Pathway 
Number of 
Matched 
Objects 

Total Number 
of Objects in 
Pathway 

% of 
Matched 
Objects 

Axon guidance 56 181 30.94 
Signaling pathways regulating 
pluripotency of stem cells 

33 143 
23.08 

Gastric cancer 28 149 18.79 
Rap1 signaling pathway 38 210 18.10 
Proteoglycans in cancer 37 205 18.05 
Focal adhesion 33 201 16.42 
Hepatocellular carcinoma 27 168 16.07 
Regulation of actin 
cytoskeleton 

34 214 
15.89 

Chemokine signaling pathway 29 189 15.34 
Ras signaling pathway 32 232 13.79 
Pathways in cancer 72 531 13.56 
Calcium signaling pathway 27 201 13.43 
Human papillomavirus 
infection 

44 331 
13.29 

Human cytomegalovirus 
infection 

29 225 
12.89 

PI3K-Akt signaling pathway 45 354 12.71 
MAPK signaling pathway 32 294 10.88 
Alzheimer disease 37 369 10.03 
MicroRNAs in cancer 26 310 8.39 
Neuroactive ligand-receptor 
interaction 

28 341 
8.21 

Metabolic pathways 40 11528959 > 0.01 
 

Table 5.3.5: The top 20 signalling pathways based upon numbers of matched genes in 
the KEGG pathway analysis of the 720 enriched gene set found to lie within the GO term 
“GO:0007399: nervous system development” identified from the BJ5ta reduced peak 
GO term analysis, ordered by % of objects that matched. 
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Pathway 
Number of 
Matched 
Objects 

Total 
Number of 
Objects in 
Pathway 

% of 
Objects 
Matched 

Axon guidance 12 181 6.63 
Gastric cancer 9 149 6.04 
Signaling pathways regulating 
pluripotency of stem cells 

8 143 5.59 

Hippo signaling pathway 8 157 5.10 

Breast cancer 7 147 4.76 

mTOR signaling pathway 7 155 4.52 
Hepatocellular carcinoma 7 168 4.17 
Proteoglycans in cancer 8 205 3.90 

Alcoholism 7 187 3.74 
Transcriptional misregulation 
in cancer 

7 192 3.65 

Viral carcinogenesis 7 204 3.43 
Human papillomavirus 
infection 

11 331 3.32 

PI3K-Akt signaling pathway 11 354 3.11 
Ras signaling pathway 7 232 3.02 
Focal adhesion 6 201 2.99 

Rap1 signaling pathway 6 210 2.86 

Pathways in cancer 15 531 2.82 
Regulation of actin 
cytoskeleton 

6 214 2.80 

MicroRNAs in cancer 8 310 2.58 
MAPK signaling pathway 6 294 2.04 

 

Table 5.3.6: The top 20 signalling pathways based upon numbers of matched genes in 
the KEGG pathway analysis of the 92 enriched gene set found to lie within the GO term 
“GO:0030182 neuron differentiation” identified from the HeLa cell reduced peak GO 
term analysis, ordered by % of matched objects.  
 

 

Previously, it was not thought that PML was expressed at high levels in the nervous 

system or to have any function in neuronal tissue. More current research has shown 

that PML is highly enriched in the developing mouse brain with PML expression 

associated with neural precursor cells226. It has been shown that PML plays a role in 

mouse brain development and in particular affects stem cell function. Furthermore, 

PML has been connected to pathophysiology of the adult brain such as spinocerebellar 

ataxia type 1 and 2227 228, with PML found to be highly expressed in terminally 
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differentiated Purkinje neurons which are the cells most impacted by the disease229. 

However, the large majority of the research into PML in the nervous system is 

conducted in mice, which therefore is limited in translating these functions into the 

human systems where the constellation of PML isoforms is different6, and the mouse 

genetic sequence suggesting that mice may be unable to make a PMLII related protein. 

Although, such research does help explain the presence of GO terms connecting the 

reduction of PMLII in the CRISPR KO and siRNA transfected cells to neuronal 

functions. 

 

 

5.3.7 Motif Enrichment Analysis of the HeLa Cell ATAC Samples 

 

To investigate the enrichment of transcription factor binding motifs in the two groups 

of peaks, de novo MEA was conducted using HOMER findMotifsGenome.pl177, as in 

Section 5.2.2. The background data set used for the MEA consisted of all unchanged 

peaks. Random samples of the unchanged peaks of equal size to the increased, n = 

961, or decreased, n = 1073, peak/genes groups were also assessed to determine the p-

value threshold. For the increased peaks/genes, the p-value threshold was 1E-13 and 

1E-12 for the decreased peaks/genes. Disappointingly, all motifs identified for both 

the increased and decreased groups of peaks/genes did not pass this threshold.  

 

To try and obtain significant motifs, the increased peaks/genes were assessed with the 

decreased peaks/genes as a background data set for the MEA instead of all unchanged 

peaks. This also failed to identify any significant motifs, due to the random samples of 

background data, assessed to establish the p-value threshold for significance, giving 

rise to a very low p-value cut off of 1E-138. This was a result of HOMER 

automatically identifying overlapping regions between the target and background files 

using mergePeaks and discarding them. Consequently, only ~100 peaks remained in 

the background data set and resulted in this very low threshold p-value being obtained.  

 

Having identified this problem, the MEA of the increased peaks/genes with the 

decreased peaks/genes as background was conducted again, with the automatic 

removal of matching peaks inactivated. P-value thresholds of significance obtained by 

random samples of the background in this case was 1E-1, revealing 54 motifs below 
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the threshold for significance. This was now an unhelpfully large number of motifs 

which made it difficult to unambiguously detect the number of unique motifs and state 

whether or not they were variations of similar motifs being identified. Therefore, a 

stricter approach to filter the motifs was needed to help interpret these results. Of the 

54 motifs listed, the 19 motifs that were least significant were indicated as possible 

false positives by HOMER and therefore disregarded. The number of motifs was still 

however very large making it difficult to unambiguously define the number of unique 

motifs present. To further restrict the motifs for consideration, a sharp discontinuity in 

the scale of p-values was used to select motifs. Motifs 4 - 35 showed gradually 

increasing p-values similar to that seen with background noise, bringing into question 

their significance. However, the top three motifs from the original list of 54, are 

distinctly more significant than the p-values associated with previous motifs (Table 

5.3.7). 

 

 

Table 5.3.7: The most significantly enriched motifs identified by HOMER de novo motif 
enrichment analysis of ATAC seq peaks that increased with PMLII depletion in HeLa 
cells, with the decreased equivalent peaks as the background data set.  
 
 

 

  

Rank Motif P-value % of 
Targets

% of 
Background

STD(Bg
STD) Best Match/Details

1 1e-32 3.16% 0.13% 279.2bp 
(0.0bp)

HINFP/MA0131.2/Jaspar(0.743)

2 1e-31 3.05% 0.16% 126.3bp 
(212.3bp)

MF0003.1_REL_class/Jaspar(0.692)

3 1e-28 4.80% 0.56% 126.8bp 
(153.9bp)

PB0207.1_Zic3_2/Jaspar(0.625)
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5.4 Discussion 

 

5.4.1 Detection of Differential Peaks by ATAC Seq 

 

The DESeq2 analysis of WT vs PMLII KO BJ5ta cells highlighted many significantly 

different peaks, thus indicating a function for PMLII in regulating chromatin structure 

completely outside of its role in facilitating induced gene expression during an IFN 

response (Chapter 4). More significantly different peaks were identified for this 

unstimulated comparison than the analysis upon stimulation. These large basal 

differences were not previously detected due to the 0 h and 2 h timepoints being 

compared, originating from the same cell line. As a result, the baseline differences in 

either the WT or the PMLII KO were present at both timepoints and therefore not 

identified as significantly different by the DESeq2 analysis. Only upon direct 

comparison of one WT timepoint with one PMLII KO timepoint were these 

significantly different basal changes highlighted. The fact that the peaks identified 

both increased and decreased in the PMLII depleted conditions suggests a complex 

system involving PMLII in altering both open and closed chromatin structure.  

 

Compared to the BJ5ta data, the HeLa cell data comprised of a high percentage of 

mitochondrial reads. This could have been a result of HeLa cells being a cancer cell 

line as opposed to the less-mutated fibroblast BJ5ta cells. Mitochondria are important 

mediators in tumour development due to their bioenergetic, biosynthetic and signalling 

roles230. As a result, an increased number of mitochondria per cell, and therefore 

mitochondrial reads, may be expected. Another important difference between the 

HeLa cell ATAC libraries and the BJ5ta cell libraries was the process by which they 

were generated. The Nelson lab, who constructed the libraries for the HeLa samples, 

utilised the FAST-ATAC seq protocol, whereas the BJ5ta ATAC samples were 

generated using the Omni-ATAC seq protocol, which was optimized to reduce the 

amount of undesired mitochondrial reads on average by 13-fold (n = 14 cell types)171. 

However, after filtering out the mitochondrial reads, the overall quality of the 

remaining reads was good.  
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5.4.2 GO Term Enrichment Analysis 

 

The GO term analysis provided some insight into the possible functions and processes 

related to the genes associated with the peaks that significantly changed in the absence 

of PMLII.  

 

Those peaks that were increased in the BJ5ta PMLII KO cells relative to the WT cells 

represented regions of chromatin that were more open in the PMLII KO conditions 

and therefore presumed to be more accessible to transcriptional machinery. These 

annotated peaks showed enrichment of GO terms linked to regulation of cellular 

processes and cell motility. The GO terms identified as enriched in the group of peaks 

that were decreased in the PMLII KO cells compared to the WT cells, and therefore 

presumed to be less accessible to transcription, were those relating to nervous system 

development as a distinct function, but the terms also showed some regulatory 

processes. Both the HeLa cell increased and decreased annotated peak sets indicated 

an enrichment of GO terms pertaining to cellular regulation. In addition, development 

and differentiation as distinct functions were also shown as enriched in the group of 

annotated peaks that increased relative to the unchanged regions of chromatin. Similar 

to the BJ5ta decreased peaks, the annotated peaks that decreased in the HeLa cell data 

also showed an enrichment of GO terms connected to neurons and nervous system 

development.  

 

PML has been connected to many regulatory processes within the cell with diverse 

roles including tumour suppression, cell cycle control, regulation of apoptosis, 

regulation of transcription and protein modification231. PMLII, more specifically, has 

been shown to contribute the PML-NBs through its unique C-terminal domain12 and 

is also involved in defending against human adenovirus type 5 infections virus6. 

Therefore, removal of PMLII in the CRISPR KO cells is likely to alter the function of 

dynamic PML-NBs and impair the cells’ response to viral stimulation. Although, in 

this unstimulated comparison the impairment of the cells response to viral stimulations 

appears to be less significant. Therefore, the presence of GO terms pertaining to cell 

process regulation in both the increased and decreased peak/gene groups was 

predicted. PMLII KO or PMLII-siRNA transfection may have impacted various 

components interconnected within the same regulatory pathways. Due to the 
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complexity of these networks, it is possible that various inhibitors and activators within 

the same pathway could have been affected by the reduction/loss of PMLII, potentially 

giving a concerted increase or decrease in signalling through the pathway. 

 

Through the use of KEGG analysis, less expected GO terms were investigated. This 

showed that genes which were altered by the removal of PMLII and present within 

GO terms, such as regulation of locomotion and nervous system development, were 

also grouped within several major signalling pathways including PI3K-Akt signalling 

and MAPK signalling pathways. These pathways had many matched objects and are 

known to have connections with PML223, therefore suggesting a possible explanation 

as to why GO terms involving cell movement and neuronal development were 

identified in the analysis. 

 

 

5.4.3 Motif Enrichment Analysis 

 

The MEA was further used to analyse the significant changes in chromatin openness 

occurring as a result of the PMLII KO in the BJ5ta cells and PMLII reduction by 

siRNA in the HeLa cells. Both data sets revealed numerous motifs as significantly 

enriched in peaks of altered chromatin openness caused by reduction/loss of PMLII.  

 

The initial analysis of BJ5ta with MEA was used to compare the peaks which increased 

or decreased in the PMLII KO relative to the WT samples, to the background data set 

of unchanged peaks, resulting in numerous significantly enriched motifs. Although, 

due to the limitations of the de novo MEA methodology, it is possible that some motifs 

identified are representing the same or functionally equivalent DNA sequences under 

different motif names. With 30 or more motifs identified it was difficult to compare 

all the sequences in order to systematically assess this. 

 

The AP-1 (activator protein 1) motif was the most significant motif identified enriched 

in the peaks/genes that significantly increased in the PMLII KO samples compared to 

the WT samples (Log(p) = -150). The AP-1 transcription factor regulates the 

expression of many genes in response to many pathological and physiological stimuli 

such as viral and bacterial infections, cytokines, growth factors and stress. 
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Consequently, this protein is also important in regulating a wide range of cellular 

processes including apoptosis, proliferation and differentiation232, thus making it 

difficult to understand the exact biological effect of AP-1 motif enrichment in this 

data. The AP-1 transcription factor comprises of a Fos/Jun heterodimer and binds to 

the AP-1 motif. There is significant sequence homology between the Fos protein and 

the CC domain of PML, which has been shown to enable PML to also interact with 

the AP-1 protein and regulate its transcriptional activity233. Consequently, removal of 

the PMLII protein may have resulted in changes to the level of AP-1 activity and, due 

to the numerous pathways and functions of this transcription factor, resulted in an 

increased activity of genes containing this motif.  

 

The most significant motif identified by the MEA in the peaks/genes that decreased in 

the PMLII KO samples compared to the WT samples was CEBPA (CCAAT Enhancer 

Binding Protein Alpha). The p-value of 1E-379 for this result was a lot more 

significant than the top motif identified for the increased peaks. The CEBPA protein 

has been shown to be involved in cell differentiation and regulation of the cell cycle234. 

The CEBPA gene has been found to be down regulated in APL cells with research 

suggesting epigenetic mechanisms being involved235. However, in cases of APL, the 

formation of the PML-RARa fusion protein also occurs resulting in changes in PML 

signalling236. The fact that the CEPBA motif is identified as enriched in the 

peaks/genes that decreased in openness in the absence of PMLII suggests that there 

may be a role for PMLII in regulating genes with the CEBPA motif during normal cell 

function.  

 

The MEA results from the direct comparison of peaks/genes which increased in 

openness upon PMLII KO relative to the WT when the peaks/genes that decreased 

were used as the background data set, showed a single motif enriched: FOXD3. This 

therefore suggests that PMLII is necessary for regulation of transcription by FOXD3 

in these cells because, once PMLII was removed, there was a large increase in 

chromatin openness for FOXD3 motif containing genes. FOXD3 is a transcription 

factor with important roles in regulating stem cell pluripotency237, nervous system 

development and differentiation of neural crest cells238. It has been shown that FOXD3 

works to both activate and suppress enhancer functions through recruitment of the 

SWI/SNF complex but also HDACs237. This enables the transcription factor to open 
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the chromatin ready for activation but simultaneously to suppress activity by reducing 

histone markers such as H3K27ac, thus priming genes for transcription.  

 

Although there is currently no known interaction between PMLII and FOXD3 

documented, this connection could offer an explanation as to why GO terms involving 

nervous system development were enriched in the above analysis. Furthermore, PMLII 

has been previously connected to the FOXC1 transcription factor, which has a very 

similar binding motif to FOXD3 (Figure 5.4.1). Studies have shown that FOXC1 is 

consistently repressed in cases of APL, where PML function is disrupted, as a result 

of the PML-RARa fusion protein and hypermethylation of FOXC1 target 

promoters239. It may therefore be hypothesised that PMLII is necessary for normal 

FOXC1 function and that a similar functional interaction may also occur between 

PMLII and FOXD3 as the MEA analysis suggests an increase of FOXD3-associated 

chromatin opening in the absence of PMLII.     
 

 

Figure 5.4.1: Comparison of the FOXC1 and FOXD3 binding motifs. This comparison 
shows how similar the two motif sequences are for FOXC1 and FOXD3, thus supporting the 
suggestion of a PMLII interaction for both FOXC1 as shown in the literature, and FOXD3 as 
predicted by the MEA. 
 

 

The MEA of the HeLa cell gene datasets was found to have a difficulty in the standard 

method used to identify a true p-value threshold for significance in MEA when using 

smaller data sets. Once this had been addressed and the direct comparison of increased 

peaks to decreased peaks was analysed without removal of reads from the data sets, 

54 motifs were identified as significantly enriched. The p-values associated with these 

motifs were however continuously increasing, similar to the pattern seen with 

background fluctuations seen in data sets. The only three motifs that were considered 

to be significant were HINFP, REL and Zic3, the p-values for which were separated 

from those of less significant motifs by a distinct gap of 1E-5. However, upon 

FOXD3 

FOXC1 
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comparison with the motifs found to be significantly enriched in the BJ5ta MEA for 

the direct comparison of increased vs decreased peaks, none of these motifs were 

identified. 

HINFP encodes Histone H4 Transcription Factor also known as Histone Nuclear 

Factor P. This protein is important in activation of H4 gene transcription at the G1/S 

phase transition in the cell cycle240. PML bodies have been shown to associate with 

histone genes in S-phase241 and also are important in the regulation of the cell cycle. 

An increase in chromatin openness at genes with the HINFP motif when PMLII was 

depleted suggests that PMLII, possibly within PML-NBs, plays a role in regulating 

HINFP in some way to control the cell cycle activity.  

 

Rel genes encode a family of transcription factors involved in various protective 

functions and regulatory processes including apoptosis, inflammation and the immune 

response242. The archetypal Rel dimer is NFkB which has important roles in responses 

to stress and the immune response. PMLII has been shown to positively regulate 

NFkB-dependent transcription73 188. Therefore, the identification of REL as an 

enriched motif in genes whose openness changed when the PMLII concentration was 

altered was expected. However, as PMLII has been shown to be required for proper 

activation of NFkB transcription73, having NFkB sites enriched in the peaks/genes that 

increased in the PMLII depleted cells was unexpected. This would indicate that a loss 

of PMLII was enabling more openness of the chromatin at genes containing the REL 

motif, implying more transcription of these genes. This is the opposite of the observed 

effect of PMLII depletion on transcription of such genes.  

 

Zic3 is a transcription factor involved in signalling pathways regulating the 

pluripotency of stem cells and embryonic development243. There is no published 

connection between Zic3, developmental signalling and specifically PMLII currently, 

however studies have revealed a role of PML and PML-NBs in stem cell biology244. 

Furthermore, the earlier KEGG analysis also identified connections with maintaining 

pluripotency of stem cells for a subset of genes present although in the significantly 

decreased peaks/genes. Additionally, FOXD3 was the motif enriched in the BJ5ta cell 

MEA, with the FOXD3 transcription factor also connected to regulation of stem cells. 

All of this may indicate a currently undiscovered function of PMLII. 
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5.4.4 Conclusions 

 

The findings of this chapter showed that PMLII has important roles in regulating 

chromatin openness within cells in the absence of stimulation. Overall PMLII KO by 

CRISPR resulted in a large number of peaks changing across the genome, with both 

increases and decreases in chromatin openness seen relative to the WT conditions. 

Reducing PMLII through siRNA transfection also resulted in many effects in the HeLa 

cells. The GO term analysis identified a variety of regulatory processes which were 

predicted, with PMLII having many defined roles in cell control. Enrichment of other 

GO terms showed that the impact of the PMLII KO or its reduction caused more 

widespread effects, altering many functions and processes within the cell. Through the 

use of KEGG analysis to investigate the pathways within the gene sets, pathways 

involving the genes of some less anticipated GO terms were elucidated, suggesting a 

complex impact of the reducing/removing PMLII and thus the role of PMLII in the 

WT conditions. It was possible to connected these to the inclusion of major signalling 

pathways such as PI3K-Akt signalling, within broad GO terms not otherwise expected 

to be linked with PMLII. Therefore, these initially unusual results were likely to be a 

culmination of various signalling changes leading to indirect and knock-on effects 

resulting in end functions being highlighted in the GO term analysis.  

 

Interesting findings connected PMLII to development of the nervous system, as well 

as links to stem cell regulation, with FOXD3 and Zic3 motifs identified as enriched 

within these MEA alongside the GO term and KEGG analysis also highlighting these 

functions. Although PML has been shown to be expressed within the nervous system, 

primarily in mice, and to be important in stem cell fate decisions, these findings 

suggest an isoform-specific function for PMLII. With such roles possibly connected 

to PMLII, it could be of clinical relevance in cases of neurological pathologies but may 

also be important in the field of stem cell and cancer stem cell biology. 
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6 Investigating the site of interaction between PMLII and transcription 

factors or chromatin remodelling enzymes 

 

6.1 Introduction 

 

PML has previously been shown to interact with more than 100 different proteins, with 

many of these involved in regulating transcription or modifying the chromatin 

structure. Such proteins include transcription factors, histone chaperone proteins and 

methyltransferases. 

 

Members of the Leppard Group at the University of Warwick have shown a direct 

interaction between the C-terminal domain of PMLII and the transcription factors 

NF!B and STAT1, in addition to CREB-binding protein (CBP), to facilitate 

transcriptional complex formation73. However, the exact site of interaction between 

PMLII and these proteins is still unknown. 

 

Histone chaperone proteins such as DAXX have also been revealed to interact directly 

with PML in the PML-NBs21. This interaction is inhibitory in nature, with the PML-

NB sequestering DAXX away from its site of action, preventing it from acting as a 

histone chaperone and depositing H3.3 into the chromatin. The interaction between 

PML and DAXX was shown to be between the SIM-interacting motif in the C-terminal 

domain of DAXX and the SUMOylated PML present within PML-NBs18, and thus 

should not be isoform-specific. It has been shown that the PML isoform PMLV, which 

is found within the PML-NBs, can bind to DAXX12. PMLII is also present in PML-

NBs and therefore it may also be involved in the binding and inhibition of DAXX. 

 

SETDB1 is a methyltransferase that associates with many genes to regulate their 

expression through the addition of a third methyl group onto H3K9me2. SETDB1 has 

been shown to interact with PML in mice in the early stages of development83. When 

SETDB1 was knocked down in mouse embryo fibroblasts, it resulted in the 

dismantlement of PML-NBs and conversely, if PML was degraded, SETDB1 signal 

was lost. However, to date, it is not clear whether or not the isoforms expressed in 

mice are identical to those found in humans. Through analysis of the mouse gene 
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sequence itself, it is likely that PML proteins equivalent to isoforms I, IV, V and VI 

may be possible. Taking this into consideration, it is therefore unknown if an 

interaction between SETDB1 and PML occurs in human cells. The ChIP-qPCR 

analysis in Chapter 4 shows that there is a significant reduction in H3K9me3 upon 

PMLII KO. Therefore, it could be hypothesised that PMLII able to interact with 

SETDB1 and, upon removal of PMLII, result in a reduction in H3K9me2 conversion 

to H3K9me3 by SETDB1. This would provide a mechanism with a direct connection 

between PMLII, the histone methyltransferase and the reduced H3K9me3 identified 

in the ChIP experiments under PMLII KO conditions. 

 

Through the use of co-immunoprecipitation (co-IP) experiments and the generation of 

PMLIIDRBCC mutants through PCR site-directed mutagenesis, interactions between 

these proteins and the PMLII isoform were investigated. The DRBCC sequence was 

used to prevent the expressed PML proteins from interacting with full-length 

endogenous PML. Such interactions could have enabled co-precipitation of proteins 

indirectly interacting with the mutant PMLII proteins via the endogenous PML 

proteins. The aim of this research was to confirm previous findings from my lab group 

and identify possible new interactors with PMLII, but also to try and elucidate the site 

of interaction where binding to PMLII was detected.  

 

Upon identification of the interaction site between PMLII and proteins involved in the 

immune response, it would then be possible to design small fragments of the PMLII 

protein based on the site of interaction, to bind to these proteins. These small PMLII 

fragments would then sequester the proteins away from their site of activity, offering 

a novel way to regulate their function, by reducing the activity of these proteins at their 

target location. Such regulation of proteins, such as transcription factors, could 

potentially be beneficial therapeutically to treat pathologies that arise from excessive 

activation of the immune system such as autoimmune disease, neurodegenerative 

diseases and arthritis.  
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6.2 Identification of Conserved Sequences and Synthesis of PMLIIDRBCC 

Mutant Plasmids 

 

To find interactions conserved across multiple species, following on from the research 

done previously in the lab group, which identified the specific C-terminal sequence of 

PMLII as necessary for interaction between certain proteins and PMLII73, the 

sequences of the PMLII proteins from 41 different species were assessed to identify 

sequences of highly conserved amino acids within the PMLII-specific exon 7b. 

Regions that were highlighted as common across multiple species were used to design 

PMLIIDRBCC mutants (Figure 6.1). Previous mutants generated by the lab group 

were not based upon such a targeted approach and instead deleted larger segments that, 

taken together, spanned the exon 7b sequence (Figure 6.2).  

 

Three new PMLIIDRBCC mutants were generated in this project based upon the 

conserved regions of the consensus sequence but also to complement the previous 

results and existing mutants. These mutants are shown in Figure 6.2 and target specific 

conserved sequences within the region defined by the Δ2 deletion. They are: SM1, a 

deletion mutation removing the conserved QASTPAITG, SM2, an alanine substitution 

of QWLN to AAAA and SM3, a larger deletion of QWLNNFFALP. 

 

Each mutant was successfully generated through PCR site-directed mutagenesis with 

sequences confirmed by sequencing (see methods).
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Figure 6.1: The consensus sequence of PMLII specific exon 
7b. The consensus sequence based upon 41 different species 
of animal utilised to identify highly conserved amino acid 
sequences and therefore regions to target when generating 
new PMLIIDRBCC mutants. The consensus sequence is 
shown at the top of the figure. The sequence deleted in the 
SM1 PMLIIDRBCC mutant is highlighted in red. The 
sequence substituted to alanine in the SM2 new 
PMLIIDRBCC mutant is highlighted in green. The sequence 
deleted in the SM3 new PMLIIDRBCC mutant is highlighted 
in purple. 
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Figure 6.2: The PML amino acid sequence with mutated regions highlighted within the 
PMLII-specific exon 7b. The amino acid sequence for each exon encoding PML. The pre-
existing PMLIIDRBCC mutants D1, D2 and D373 are shown along with the new PMLIIDRBCC 
mutants generated in this project, SM1, SM2 and SM3. 
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6.3 The PMLIIDRBCC Deletion and Substitution Mutants Successfully 

Express PMLII Proteins 

 

HEK293 cells transfected with control or mutant plasmids using LF2000. To ensure 

that transfection of the PMLIIDRBCC mutant plasmids was an effective system for 

expressing the FLAG tagged PMLIIDRBCC proteins, initial immunoprecipitation 

experiments were conducted to assess this in two biological replicates.  

 

The PMLIIDRBCC proteins were present in all the inputs and immunoprecipitated 

samples which had undergone FLAG affinity purification (Figure 6.3). The input 

samples showed larger amounts of each PMLIIDRBCC mutant protein; lesser amounts 

of lower molecular weight proteins are possibly fragments of the PMLIIDRBCC 

proteins. The change in molecular weight between the PMLIIDRBCC WT and 

PMLIIDRBCC mutant proteins is a consequence of amino acid deletion mutations. 

The WT and SM2 proteins display a very similar molecular weight consistent with this 

mutation being a substitution rather than a deletion. No FLAG-reactive proteins were 

detected from the pCIneo negative control plasmid as expected, showing no non-

specific precipitation under the conditions employed.  

 

The level of PMLIIDRBCC protein expression was unequal across all the mutants and 

also varied between the two biological replicates. However, there was a sufficient level 

of PMLIIDRBCC proteins expression for each mutant in both replicates to conduct co-

IP experiments. Upon analysing the first biological replicate, there was more PMLII 

protein expressed in the D2 mutant and slightly above average expression for the SM3 

mutant. Conversely, the WT PMLII expression level was lower than average. For the 

analysis of the second biological replicate, again D2 and SM3 appeared to have an 

increased expression of the PMLII protein, while the WT and SM1 mutant showed a 

lower expression of their PMLII proteins. This is important to note for subsequent 

analysis of the co-IP experiments, conducted upon the same samples of proteins 

harvested. 
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Figure 6.3: PMLIIDRBCC WT and mutant protein expression in FLAG-affinity 
immunoprecipitation from polyIC stimulated HEK293 cells. Two biological replicates (A, 
B) showing the level of PMLIIDRBCC WT and mutant protein expression levels, after a 4 h 
incubation with polyIC, in input samples taken prior to the FLAG affinity purification and 
immunoprecipitated (IP) samples post purification pCIneo is an empty vector negative control. 
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6.4 Elucidating Further the Site of Interaction Between PMLII and 

Transcription Factors STAT1 and NF!B 

 

After confirmation that the PMLIIDRBCC proteins were being expressed at sufficient 

levels, it was possible to assess the same protein samples for interactions between these 

PMLIIDRBCC-FLAG tagged proteins with transcription factors. Previous work by the 

lab group identified binding of PMLIIDRBCC WT with STAT1, NF!B and CBP73, 

however whether these interacted with the new PMLIIDRBCC mutants was not 

known. All co-IP experiments shown were conducted in two different biological 

replicates. Only one blot is shown per co-IP where the results were the same.  

 

 

STAT1 

 

To expand on previously identified results and to investigate the ability of the three 

new mutants to interact with STAT1, co-IP of STAT1 with the PMLII proteins was 

conducted after a 4 h incubation with polyIC (Figure 6.4). STAT1 is a 91 kDa protein 

which is a primary transcription factor that is activated following interferon 

stimulation64. It has important roles in the immune response to viral, mycobacterial 

and fungal infections245. It has been shown that upon simulation with polyIC, PMLII 

WT positively regulates STAT1 activity in HEK293 cells through association with this 

protein within transcriptional complexes73.  

 

The results show an interaction between PMLIIDRBCC WT and STAT1 in line with 

the published results, however a reduced interaction between the D1 or D2 mutants 

was not apparent. In addition to this, there was a co-precipitation of STAT1 with SM1, 

SM2 and SM3 mutants. However, there was reduced co-precipitation of STAT1 with 

the SM2 and SM3 mutants. Both of these mutations affect QWLN amino acids in the 

exon 7b of PMLII, with the SM2 mutation replacing these residues with AAAA and 

SM3 deleting the QWLN and following NFFALP. The level of STAT1 co-precipitated 

was reduced more with SM3 than SM2, despite the SM3 mutant PMLII being more 

highly expressed in the cells compared to the WT PMLII (Figure 6.3A). This result 
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suggests that altering the QWLN sequence leads to an impaired interaction with 

STAT1 while the larger deletion of QWLNNFFALP in the SM3 mutant, reduced the 

interaction further between PMLII and STAT1. 

 

 
Figure 6.4: Co-precipitation of STAT1 with FLAG-tagged PMLIIDRBCC WT and 
mutant proteins following a 4 h incubation with polyIC. The input and FLAG-affinity 
immunoprecipitation (IP) samples from Figure 6.3B were analysed by western blotting for 
STAT1 (91 kDa) protein.  
 

 

NF!B 

 

NF!B is another transcription factor previously shown to interact with PMLII, with a 

correlation between the ability of PMLII to interact with the transcription factor and 

its ability to support the transcription of genes that are known to be dependent on those 

same transcription factor73. This 65 kDa protein is involved in responding to viral 

infections and is activated following recognition of PAMPs by PRRs, culminating in 

an increase in IFN production246. 

 

Previous work from the Leppard group showed that D1 and D2 deletion mutations 

resulted in a reduced interaction between PMLII and NF!B, relative to the WT PMLII 

protein73. This result was confirmed here (Figure 6.5) with both D1 and D2 showing 

less NF!B co-precipitated with the PMLII proteins compared to the WT; residual 
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levels were similar to the background defined by the pCIneo empty vector sample. The 

SM1 mutation did not reduce NF!B interactions with expression very similar to WT 

detected. The alanine substitution of SM2 resulted in a similar reduction to that of the 

D1 and D2 mutants. The SM3 mutant also had reduced NF!B co-precipitation with the 

PMLII protein with no significant interaction detected for this mutant too. This again 

suggests an involvement of the QWLN sequence in binding this transcription factor 

and, when the larger QWLNNFFALP sequence is removed in SM3, the binding of 

NF!B is also reduced.  

 

 
Figure 6.5: Co-precipitation of NF!B with FLAG-tagged PMLIIDRBCC WT and 
mutant proteins following a 4 h incubation with polyIC. The input and FLAG-affinity 
immunoprecipitation (IP) samples from Figure 6.3B were analysed by western blotting for 
NF!B (65 kDa) protein.  
 

 

6.5 Elucidating Further the Site of Interaction Between PMLII and the 

Transcriptional Co-activator CBP 

 

CBP is a histone acetyltransferase and coactivator of transcription known to interact 

with NF!B247. It has been shown that CBP increases gene expression by increasing 

chromatin openness at gene promoter regions248, enhancing the assembly of 

transcriptional machinery249 and acting as an adaptor molecule250. CBP is one of many 

proteins known to interact with the PML-NBs19 and with PML itself251. 



Chapter 6: Investigating the site of interaction between PMLII and transcription 
factors or chromatin remodelling enzymes 
 
 

 259 

Previous work from the Leppard group showed that CBP was able to bind to the full 

length PMLII protein in co-IP experiments, with more CBP found to coprecipitate 

following stimulation of cells with polyIC to activate the immune response. The same 

protein samples assessed for PMLII expression and transcription factor interactions 

were also used for these co-IPs. Only one blot is shown per co-IP where the results 

were the same.  

 

Results from co-IP experiments using the PMLIIDRBCC protein and mutated variants 

showed no interaction with CBP (Figure 6.6). This agrees with the literature251 which 

also showed that the binding of CBP is mapped to the CC domain of the RBCC region 

in the N-terminal domain of PMLII and is important for successful interactions 

between PMLII and CBP. However, it has been suggested in unpublished work within 

our lab group, that there is some cross-reactivity between PML and the A22 antibody 

for CBP utilised in these experiments. Subsequent research on the PML-CBP 

interaction identified an interaction between these two proteins at a site within the C-

terminal region of full length PML73. Previously the Leppard group has also shown, in 

unpublished work, that there was an interaction between CBP and PMLII, although 

this was dependent on polyIC stimulation131. However, the co-IP experiments with 

PMLIIDRBCC proteins under stimulated conditions in this study, did not detect any 

interactions with CBP. One possible explanation for this difference is that the Leppard 

group study aforementioned, used a 10 h stimulation of polyIC, whereas the 

experiment shown here only utilised a 4 h polyIC stimulation. This may indicate that 

the interaction between PMLIIDRBCC and CBP only occurs after a longer stimulation 

time or is a less stable interaction at the 4 h time point. 

 



Chapter 6: Investigating the site of interaction between PMLII and transcription 
factors or chromatin remodelling enzymes 
 
 

 260 

 
Figure 6.6: Co-precipitation of CBP with FLAG-tagged PMLIIDRBCC WT and mutant 
proteins following a 4 h incubation with polyIC. The input and FLAG-affinity 
immunoprecipitation (IP) samples from Figure 6.3A were analysed by western blotting for 
CBP (265 kDa) protein.  
 

 

6.6 Elucidating Site of Interaction Between PMLII and Chromatin 

Remodelling Enzymes DAXX and SETDB1 

 

In addition to testing if PMLII interacted with transcription factors and the 

transcription co-activators, it has been reported that PML has an important role in 

histone deposition, through interactions with histone chaperone proteins such as 

DAXX, and in histone post-translational modifications, through interactions with 

histone methyltransferase enzymes, for example SETDB1. The same protein samples 

assessed for PMLII expression, transcription factor and CBP interactions were used 

for the co-IPs with DAXX, however the experiment assessing interactions between 

PMLII and SETDB1 used a different batch of PMLII proteins. Only one blot is shown 

per co-IP where the results were the same.  
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DAXX 

 

DAXX is a histone chaperone protein important in the deposition of H3.3 onto regions 

of chromatin undergoing active transcription110. An inhibitory interaction between 

DAXX and PML-NBs is well documented, with the histone chaperone sequestered in 

the nuclear structure away from the chromatin115. To try and identify if DAXX bound 

to the C-terminal portion of PMLII in the PML-NBs, co-IP experiments were 

conducted with the panel of PMLIIDRBCC mutant proteins. However, the results 

displayed in Figure 6.7 indicate that, although present in the input, DAXX does not 

coprecipitate with either the WT or any of the PMLIIDRBCC proteins. 

 
Figure 6.7: Co-precipitation of DAXX with FLAG-tagged PMLIIDRBCC WT and 
mutant proteins following a 4 h incubation with polyIC. The input and FLAG-affinity 
immunoprecipitation (IP) samples from Figure 6.3A were analysed by western blotting for 
DAXX (81 kDa) protein.  
 

 

SETDB1 

 

The histone methyltransferase SETDB1 is known to add the final methyl group onto 

H3K9me2 to form the repressive chromatin mark H3K9me3, and has been shown to 

interact with the mouse PML protein83. To investigate the hypothesis of an interaction 

between PMLII and the SETDB1 enzyme, a co-IP experiment was conducted using 

the PMLIIDRBCC WT expression plasmid (Figure 6.8). 
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The results from this experiment illustrated no interaction occurred between the 

PMLIIDRBCC WT protein and SETDB1. This may be a consequence of SETDB1 

requiring the RBCC domain to interact with PMLII or, it could suggest that the human 

SETDB1 does not bind to this isoform of PMLII at all. 

 

 
Figure 6.8: Co-precipitation of SETDB1 with FLAG-tagged PMLIIDRBCC WT proteins 
following a 4 h incubation with polyIC. The input and FLAG-affinity immunoprecipitation 
(IP) samples were analysed by western blotting for SETDB1 (155 kDa) protein.  
 

 

6.7 Generation and Analysis of Efficacy of Small PMLII Fragments on 

Reducing IFN Signalling Post-Stimulation 

 

To follow on from identifying a reduced interaction between both STAT1 and NF!B 

with the PMLII SM3 mutant, it was hypothesised that transfecting cells with small 

fragments of the PMLII protein, corresponding to the QWLNNFFALP sequence 

missing in the SM3 deletion, could offer a mechanism to regulate the activity of these 

transcription factors. It was predicted that upon addition of these SM3 fragments to 

the HEK293 cells, transcription factors would bind to the fragments of the PMLII 

protein, thus reducing the amount of transcription factor able to bind to endogenous 

PMLII, and culminate in subdued activation of immune response genes and a reduced 

level of IFN signalling.  

 

To test this, plasmids able to express the SM3 fragments, covalently attached to the C-

terminus of hrGFP6 (see methods Chapter 2), were transfected into HEK293 cells prior 

to incubation of the cells with IFNα, or cells were left unstimulated. Negative control 
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hrGFP plasmids and positive control E4Orf3 plasmids were also transfected, with each 

having both a stimulated and unstimulated condition assessed. The level of ISG54 and 

ISG56 activation was then investigated by quantifying gene specific mRNA by RT-

qPCR, relative to beta2M expression.  

 

It was hypothesised that the hrGFP would have no impact on the HEK293 cells 

response to IFNα, therefore upon stimulation, cells would show an increase in ISG 

activation. The E4Orf3 plasmid, encoding the E4Orf3 protein from the human 

adenovirus type 5, is known to disrupt PMLII and to suppress its antiviral properties 

upon infection6. It was therefore anticipated that, due to this disruption of PMLs 

function in promoting the IFN response gene expression, the E4Orf3 plasmid would 

lead to a reduced expression of ISGs relative to the hrGFP control252. The SM3 

inhibitory fragment plasmid was anticipated to reduce the activation of the ISGs upon 

stimulation, relative to the hrGFP plasmid, through binding transcription factors away 

from the promoter region of ISG54 and ISG56.  

 

The qPCR results showed there was successful stimulation of the cells by the IFNα 

with all three plasmids transfected. The analysis from the two biological replicates 

showed that the SM3 inhibitory fragment was not successful in reducing the level of 

ISG54 or ISG56 activation upon stimulation with IFNα (Figure 6.9). The E4Orf3 

plasmid however elicited a larger activation of the ISGs following stimulation than the 

cells transfected with the hrGFP plasmid which was unexpected. Similarly, the SM3 

PMLII fragment did not display a significantly lower activation of either ISGs, in the 

analysis of either replicate relative to hrGFP samples. 
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Figure 6.9: The SM3 fragment did not reduce ISG54 or ISG56 activation. HEK293 cells 

were transfected with hrGFPN1, SM3 fragment or E4Orf3 plasmids for 24 h. Cells were then 

incubated for 4 h with IFNα or left unstimulated. RNA was then harvested from the cells, 

reverse transcribed into cDNA and analysed by qPCR. ISG54 and ISG56 mRNA levels are 

shown relative to beta2M house-keeping gene. Error bars indicate standard deviation among 

technical replicates of the qPCR reaction.  

 

 

 

 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

hrGFPN1
- IFNa

hrGFPN1
+ IFNa

SM3 frag
- IFNa

SM3 frag
+ IFNa

E4Orf3 -
IFNa

E4Orf3 +
IFNa

Re
la

tiv
e 

Ex
pr

es
sio

n

ISG54 ISG56



Chapter 6: Investigating the site of interaction between PMLII and transcription 
factors or chromatin remodelling enzymes 
 
 

 265 

6.8 Discussion 

 

6.8.1 Site of Interaction Between PMLIIDRBCC and Transcription Regulating 

Proteins 

 

It was previously known that the larger D1 and D2 mutations led to a reduced binding 

of the transcription factors STAT1 and NF!B in cells stimulated with polyIC73. 

However, through the use of more specifically targeted mutations of the PMLII 

sequence, it has been possible to further specify the regions in which this interaction 

occurs. The SM1-3 mutations were all based upon highly conserved residues located 

within the D2 region. The novel results from the co-IP showed how the amino acids 

QWLNNFFALP, towards the end of the D2 region, were important for the interactions 

with STAT1 and NF!B, whereas the QASTPAITG sequence at the start of D2 was 

dispensable for this binding.  

 

It is important to note that the D1 region of exon 7b must also play an important role 

in binding these transcription factors due to the loss of interactions in the D1 mutant. 

However, conserved residues in the D1 region were not investigated in this study. 

Amino acids such as the RAQRA are also highly conserved in the consensus sequence 

and found in the D1 portion of exon 7b. It could therefore be hypothesised that other 

interactions with transcription factors are also occurring at this sequence, although, 

without further generation of PMLIIDRBCC mutants and co-IP experiments, this 

remains to be investigated. 

 

The lack of interaction of the PMLIIDRBCC WT or mutants with CBP and DAXX 

suggests that these proteins may require the full length PMLII protein to interact251. It 

has previously been shown that both CBP and DAXX are known to interact with 

PMLII73 115 249. The absence of interaction, even with the WT PMLIIDRBCC protein, 

indicated that the N-terminal region of the PMLII protein is important for this 

interaction.  
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The absence of an interaction between SETDB1 and the WT PMLIIDRBCC mutant 

may be explained by the requirement of the RBCC region in the full length PMLII 

protein to enable the binding. However, as the interaction between PML and this 

methyltransferase has only been documented in mouse cells83, it is not known which 

isoforms of PML, if any, would be able to bind SETDB1 in the human cell lines 

utilised for these experiments. Due to similarities in the mouse and human PML 

sequence, it was however hypothesised that SETDB1 could interact with human PML, 

although this interaction was not shown for the PMLIIDRBCC WT protein in this 

chapter. The reason for hypothesising that PMLII may be the isoform responsible for 

interacting with SETDB1 originated from the ChIP studies in the BJ5ta human 

fibroblasts (Chapter 4), which showed a significant reduction in H3K9me3 when 

PMLII was knocked out.  

 

 

6.8.2 The SM3 Fragment Was Not Effective in Reducing ISG54 or ISG56 

Activation  

 

Although a significant reduction in transcription factor co-precipitation was seen with 

the PMLIIDRBCC SM3 mutant, expression of fragments containing the 

QWLNNFFALP sequence that was deleted in the SM3 mutant failed to reduce 

activation of ISG54 or ISG56. This result highlights the complexity in which these 

interactions between PMLII and proteins which regulate transcription occur. One 

technical explanation could be that the hrGFP-SM3 fragment protein failed to express 

the small PMLII fragments. As the expression level of the SM3 fragment was not 

conducted for this transfection, it is not possible to discount this as a reason for the 

failure of the fragments to inhibit the ISG expression. If the outcome of this experiment 

was found not to be a result of poor SM3 fragment expression, the increased 

complexity of the cells, relative to the in-situ co-IP experiment, may offer a more 

biological explanation for the result. It may be that, although the SM3 sequence was 

shown to bind both STAT1 and NF!B in the co-IP, the location in which the SM3 

fragment was being expressed may be out of context for binding these transcription 

factors, thus resulting in the lack of inhibition seen. 
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6.8.3 Conclusion 

 

PMLII is known to interact with a variety of different proteins that function to regulate 

transcription19. These proteins have a range of roles from priming chromatin for 

transcription to activating transcription. PMLII is intertwined within these pathways 

to both have inhibitory repressive functions, such as that seen with DAXX, but also 

transcriptionally enhancing functions, such as promoting the formation of 

transcriptional complexes. Being able to map the full sites of interaction between 

PMLII and some of these proteins may provide a mechanism by which these regulatory 

processes can be controlled. 

 



Chapter 7: Final Discussion and Future Work 
 

 268 

 

 

Chapter 7  
 
Final Discussion 
and Future Work 
  



Chapter 7: Final Discussion and Future Work 
 

 269 

7 Final Discussion and Future Work 

 

7.1 Overview  

 

The starting point for this work was the demonstration that PMLII was necessary for 

efficient induced gene expression during an IFN response73. This thesis has sought 

evidence for effects of PMLII on the architecture of chromatin at genes whose 

expression is PMLII dependent in order to test the idea that such changes underlie the 

effects of PMLII on specific transcription factor binding that have been observed 

previously. 

 

 

7.1.1 PMLII Changes Histone Markers and H3 Subtypes at IFNb and ISG54 

 

The use of ChIP-qPCR studies within Chapter 3 and 4 highlighted that PMLII may 

impact the histone markers present at ISGs. It was demonstrated that under both 

stimulated and unstimulated conditions, the loss of PMLII can alter the amount of 

activation histone markers such as H3K4me3 and H3.3, but also inactivation markers 

including H3K9me3 and H3K27me3, present at both the IFNb and ISG54 genes. 

However, there was a certain amount of variation present within the ChIP-qPCR data 

limiting the strength of conclusions drawn from these results. 

 

PMLII has been linked to transcription of numerous genes including ISGs and many 

interactions between PMLII and various proteins involved in altering the chromatin 

structure have been previously shown19 73 223. This therefore indicates a role for PMLII 

in regulating transcription and suggests that, both directly and indirectly, PMLII 

functions to alter histone markers present in chromatin. For example, the known 

inhibitory interaction between PMLII and the H3.3 histone chaperone protein DAXX 

within PML-NBs highlights the ability of PMLII binding to directly impact the histone 

H3 subtype present within the chromatin110. However, this inhibition of DAXX by 

PMLII may also result in indirect changes to the chromatin. While sequestered within 

the PML-NBs, interactions between DAXX and DNA methyltransferases such as 

DNA methyltransferase 1 (Dnmt1) would be impaired, thus preventing multiple 

epigenetic modifications from occurring23; demonstrating one possible indirect 
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mechanism by which PMLII might impact histone markers present upon the 

chromatin.  

 

Due to the variable replicates, possibly as a consequence of the complex pathways and 

numerous proteins and complexes involved in transcriptional regulation, it was 

somewhat challenging to identify reproducible, direct impacts of PMLII from the 

ChIP-qPCR data. However, removing/reducing PMLII was eliciting changes to the 

chromatin. 

 

 

7.1.2 PMLII is Involved in Determining the Chromatin Landscape Both Before 

and After IFN Stimulation 

 

The ATAC seq experiments in Chapter 4 and 5 further explored the involvement of 

PMLII in changing the chromatin structure, through assessing changes in chromatin 

openness when PMLII was removed and/or when IFN stimulation was applied. These 

results also demonstrated that PMLII was important for maintaining regions of open 

chromatin in both IFN-stimulated and unstimulated conditions.  

 

The openness of specific chromatin regions changed dramatically upon IFN 

stimulation, both in the presence and absence of PMLII. Although all changes included 

rapid opening of the chromatin, differences in the duration of openness gave rise to 

distinct temporal patterns. It is known that the rate of induction in the response to IFN 

can differ between genes183, although the duration of activity remains to be 

investigated. Within the temporal classes of genes responding to IFN as discovered by 

ATAC seq analysis, specific GO terms and motifs were identified, thus revealing 

coordinated regulation of functionally related gene groups through specific 

transcription factor binding sites.  

 

Differences found between the chromatin regions that changed dramatically following 

the addition of IFNa to the WT or PMLII KO cells, illustrated a clear involvement for 

PMLII in the changes occurring in the chromatin both after stimulation (Chapter 4) 

and before (Chapter 5). The enriched motifs found within these analyses are possibly 

defining the factors through which PMLII is acting to bring about changes to gene 
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activation during stimulation and in unstimulated environments. The interactions 

between PMLII and these transcription factors remains elusive. It may be that PMLII 

is directly acting upon these proteins to activate them or bringing about a 

conformational change to enable them to bind to the target DNA or possibly altering 

the stability of the proteins. It could also be that PMLII is providing a platform upon 

which the transcription factors are being brought into closer proximity with other 

proteins or complexes required for activation, perhaps through modulating SUMO-

SIM interactions or at PML-NBs. 

 

The enriched motifs discovered include some expected results, such as the ISRE motif 

being enriched in the genes responding to IFN stimulation189, but additional less 

obvious motifs were also elucidated, for example the discovery of FOXD3 in the 

comparisons of unstimulated WT and PMLII KO data sets. Many of these newly 

discovered motifs currently have little connection specifically to PMLII in the 

literature, despite their association with PMLII-dependent chromatin opening being 

extremely statistically significant, according to the data presented here. These 

differences show that there is an involvement in PMLII in maintaining the basal 

chromatin structure, but also a role for this protein in enabling changes to occur upon 

IFN stimulation.  

 

The analyses of the ATAC seq experiment highlighted many motifs expected to be 

bound by factors linked to cell development, differentiation and stem cell maintenance. 

At multiple points throughout the analysis, in both Chapter 4 and Chapter 5, motifs 

and GO terms connected to these functions were enriched. Identification of motifs 

such as obox, HMBOX1, ERG, Zic3, Sox17 and FOXD3, all suggest a role for PMLII 

in development, differentiation and stem cell regulation. Whether PMLII interacts 

directly with these factors remains to be determined, and the direction of their 

regulation brought about through this interaction is also unknown.  

 

It is documented that PML has a regulatory role in controlling cell growth, acting as a 

tumour suppressor10, however additional functions have more recently been associated 

with the PML protein, although not necessarily to the isoform PMLII. Studies have 

shown that in some cancer stem cells, there is PML-mediated signalling which 

functions to maintain the stem cell population253. In light of the ATAC seq results in 
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Chapter 4 and 5, this function may more specifically be attributed to PMLII. Similarly, 

functions of PML in regulating neurogenesis have been identified254. PML has been 

shown to be expressed in neural crest progenitor cells in the developing neocortex of 

mice, functioning to regulate cell number and differentiation226. This supports the 

findings from the ATAC seq analysis which indicate an involvement of PMLII in stem 

cell maintenance and nervous system development. With such functions known to 

involve the PML protein, it can be hypothesised that more specifically, PMLII is either 

a significant isoform, or even the significant isoform, in these processes.  

 

The exact pathways by which PMLII is connected to the changes in chromatin 

openness revealed by the ATAC seq analysis remains unclear, although its known 

association with the complex network of proteins involved in chromatin remodelling 

is plausibly important in this function. However, in Chapter 6, selected proteins 

involved in chromatin dynamics and known to be impacted by PMLII such as DAXX 

were not found to associate with PMLII in co-IP experiments.  

 

Figure 7.1 shows hypothesised mechanisms of action for PMLII in regulating 

transcription. It may be that the level of chromatin openness and spatial organisation 

of chromatin is controlled by the ability of PMLII to inhibit chromatin remodelling 

and histone modifying enzymes, or perhaps, through a more direct targeting of the 

chromatin by PMLII. The loss of this inhibition upon removing PMLII would give rise 

to increased chromatin remodelling activity and histone modifications, resulting in 

more open regions of chromatin as seen in the results from this thesis. Furthermore, it 

is known that PMLII is important for the efficient assembly of the transcription 

initiation complex for some genes73. Therefore, despite the chromatin being more open 

due to the chromatin remodelling activity, the amount of transcription occurring is 

reduced in the absence of PMLII. 
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 Figure 7.1: A hypothesised mechanism of action for PMLII in regulating chromatin 
openness in WT and PMLII KO cells and the changes induced by IFN" stimulation. 
Under WT unstimulated conditions (A), PMLII may regulate the chromatin structure through 
inhibition of chromatin remodeling enzymes and histone modifying enzymes, or by direct 
interactions with the chromatin to maintain the closed structure. Upon stimulation with IFN", 
the inhibition of the chromatin remodeling enzymes and histone modifying enzymes is 
removed and PMLII associates with co-activator proteins and transcription factors (TF). The 
chromatin is now opened by the chromatin remodeling enzymes and PMLII assist in 
assembling the transcription initiation complex. Transcription of the ISG then occurs. Under 
PMLII KO unstimulated conditions (C), the loss of PMLII removes this inhibition on 
chromatin remodeling enzymes and histone modifying enzymes thus enabling these proteins 
to become active and resulting in more open regions of the chromatin, in the absence of 
stimulation. However, no transcription is thought to occur. Upon stimulation by addition of 
IFN" (D), transcription factors (TF) and co-activator proteins are not efficiently activated, due 
to the absence of PMLII, and therefore do not bind to the open chromatin or initiate 
transcription of the ISG. The red star indicates activation. 
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7.2 Future Work 

 

The work conducted throughout this study highlights a role for PMLII in maintaining 

normal chromatin structure both before and during IFN stimulation. However, as with 

all research, many new questions have arisen and further work to try and develop a 

mechanism for these apparent PMLII-specific functions is required. 

 

 

7.2.1 Compare the ATAC Seq Data to RNA Sequencing Data 

 

To try and further the work reported in Chapter 4 and 5, it would be interesting to 

compare the chromatin openness data to the transcriptome analysis conducted upon 

the BJ5ta cell line by others within the lab group. This would enable analysis to show 

if the changes in chromatin structure detected in the ATAC seq, correlated with a 

change in gene transcriptional activity. This information would help to identify the 

significant transcriptional changes that are occurring and possibly reveal PMLII-

dependent functions. 

 

 

7.2.2 Further Investigate the Proteins Interacting with Enriched Motifs 

 

In an attempt to further understand the motifs identified in the MEA, and their 

connection to PMLII, experiments assessing interactions between PMLII and specific 

transcription factors known to bind to these motifs could be conducted. Comparisons 

of WT and PMLII KO cell lines and detection of the specific transcription factors with 

antibodies, may elucidate new interactors for PMLII. This could reveal novel 

interactions between PMLII and transcription factors, but also help develop the 

mechanism of action by which PMLII is impacting the chromatin structure. To further 

determine if such interactions were direct interactions with PMLII, GST-pull down 

assay could be conducted. However, investigating these interactions may be 

challenging. Firstly, identifying the appropriate transcription factors that interact with 

PMLII out of all of the different transcription factors that are known to recognise each 

enriched motif could be difficult. A further complication arises from the antibody 

binding to the proteins during the purification. It would also be necessary to find an 
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antibody that recognises the proteins in a region that is not obscured by the interaction 

between PMLII and the protein.  

 

ChIP-qPCR analysis of chromatin remodeling proteins and complexes bound at the 

IFNb gene, ISG54 or at selected enriched motifs in PMLII WT and PMLII KO 

conditions would also help to further understanding of the involvement of PMLII in 

altering chromatin structure. Exploring the changes in the amount of bound histone 

chaperone proteins or chromatin remodeling complexes that occur upon PMLII 

depletion, with and without stimulation, could further define the role of PMLII at these 

and other genes and its function in altering the chromatin landscape.  

 

 

ChIP Sequencing  

 

In addition to analysing protein interactions with PMLII by investigating individual 

transcription factors, ChIP sequencing (ChIP seq) could be conducted in a genome 

wide approach to assess protein interactions in the presence and absence of PMLII. 

Conducting ChIP utilising a PMLII-specific antibody and subsequent DNA 

sequencing of the purified DNA fragments, the regions of the DNA which were 

associated, probably indirectly, with PMLII would be identified. It would be 

interesting to map the sequences found to be enriched in the ChIP seq data and the 

sequences of the differential peaks identified by the ATAC seq analysis, in an attempt 

to assess if any changes occurring to the chromatin were as a consequence of PMLII 

binding to these regions. 

 

ChIP seq using the histone marker antibodies used in the ChIP experiments of Chapter 

3 and 4, might also offer a way to identify changes in the histone markers that is less 

impacted by technical variations. It would then be possible to compare this experiment 

with the ATAC seq data and potentially identify regions where the histone markers 

were altered in response to PMLII removal, IFN stimulation or both. However, due to 

the large-scale presence of these histone markers across the DNA, it may be difficult 

to identify the small changes that occur in localised regions specifically due to PMLII. 
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7.2.3 Test More Proteins Against the PMLII Mutant Library to Identify Sites 

of Interaction 

 

The results of Chapter 6 show that PMLIIDRBCC was able to interact with proteins 

such as transcription factors STAT1 and NF!B. However, binding of other proteins 

such as DAXX and SETDB1 to PMLIIDRBCC was not identified. It would be 

interesting to test other proteins and complexes such as the histone chaperone proteins 

HIRA and ATRX or the chromatin remodelling complex SWI/SNF to investigate 

whether they have any interactions with PMLII.  

 

 

7.2.4 Investigate the Involvement of PMLII and Other Isoforms in Roles More 

Recently Associated with PML 

 

Ask if the functions more recently associated with PML, such as an involvement in 

development and stem cell regulation highlighted in this thesis, are specifically PMLII 

related functions, experiments utilising the PMLII KO cell BJ5ta cells compared to the 

WT BJ5ta cells would be needed. As these cells are an isoform-specific PMLII 

CRISPR KO cell line, it would help distinguish the involvement of PMLII in these 

processes. 

 

 

7.3 Concluding Remarks 

 

In summary, the work in this thesis highlights that PMLII is an important protein 

involved in complex pathways regulating transcription in the innate immune response 

and elsewhere, and that it does this through its ability to interact with numerous 

proteins and complexes. Appropriate signalling within the immune system and 

properly regulated gene expression are important to avoid pathologies such as 

rheumatoid arthritis, autoimmunity and cancer. In having a better understanding of 

how the PMLII protein functions within the cell, clarifying the mechanisms by which 

it works and further elucidating its specific interactions and processes, novel treatment 

for immunological diseases, neurological pathologies and developmental 

complications could potentially be discovered. 
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