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Abstract 

Glucocorticoids (Gc) represent a mainstay treatment to limit the damaging effects of 

inflammation resulting from inflammatory disease and as an aid to cancer therapy. The purpose 

of this study was to evaluate factors which modify Gc signalling, in an attempt to further define 

the complex mechanism of action. The glucocorticoid receptor (GR) is a ubiquitous, ligand-

activated transcription factor and mediates Gc-regulated activation and repression of gene 

expression.  GR also rapidly initiates short-acting, non-genomic signals though kinase 

engagement. However, this activity is less well understood and its role in modulating the 

transcriptional activity of GR is poorly defined.  

The Gc-phosphoproteome was evaluated to characterise the spectrum of non-genomic signals. 

Following 10-minute exposure, distinct GR ligands differentially phosphorylated common 

protein targets involved in diverse cellular functions. Three G-protein coupled receptors (GPCR) 

were identified and preliminary assessment of Gc responsiveness by immunoblot and luciferase 

reporter assays indicates that Gc has an inhibitory effect upon their activity.  

Gc also induced the differential phosphorylation of nuclear targets and cyclin-dependent kinase 

(CDK)-mediated phosphorylation of RNA Polymerase II was a predicted effector pathway. 

Selective inhibition of CDK12 and CDK13 reduced Gc-induced expression of target genes. 

However, repression of cytokine genes was maintained. Global transcriptomics defined groups 

of GR-regulated genes which are affected by CDK inhibition. Differential expression of 

transcription factors implies significant involvement in transcriptional processes including 

regulation of inflammatory pathways and cell differentiation. Collectively this suggests a 

synergistic GR-mediated mechanism, whereby rapid non-genomic signals feed-forward into the 

nucleus to modulate subsequent genomic action.  

In addition, using fibronectin-coated micropatterns, this study describes a model to explore the 

influence of cell-matrix interactions and cell geometry upon GR nuclear shuttling and GR-

transcription factor cross-talk. Such mechanical signals may underlie heterogenic responses to 

Gc within cell populations. 

Overall, this study provides an integrated assessment of Gc-GR signalling activity. Such insight 

provides new mechanistic concepts with implications for therapeutic development and 

understanding how GR contributes to pathogenic disease progression. 
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Chapter 1: Introduction 

Glucocorticoids (Gc) are a class of corticosteroids, a collective term for cholesterol-derived 

steroid hormones, produced in the adrenal gland and are essential for life. Gc act to regulate 

the systemic stress response and maintain the homeostasis of a multitude of physiological 

processes. The term Glucocorticoids can refer to both the endogenous hormone, cortisol in 

humans and corticosterone in rodents, and synthetic therapeutics which have been designed to 

mimic naturally occurring cortisol.  

Endogenous Gc, are biosynthesised by the adrenal cortex which are released in a diurnal cycle 

and increased in response to stress. In particular Gc mediate diverse regulatory functions on 

energy metabolism and immunomodulation (1). The potent capacity of Gc to limit the damaging 

effects of inflammation during infection and injury, have been harnessed through the 

development of synthetic steroids. Synthetic Gc have subsequently become one of the most 

widely prescribed class of anti-inflammatory agents. Large gaps remain in the understanding of 

the function of Gc, which must be carefully controlled as dysregulation can result in the 

development of a variety of disorders.  

1.1.1 Glucocorticoids: Health and Disease 

The diverse action of endogenous Gc is both tissue specific and context dependent. However, in 

most circumstances Gc initiate the transient activation of systems required to respond to stress 

and restore homeostasis.   

Gc are important during embryonic development for the maturation of organ systems. Gc signals 

have been shown to make a key contribution to maintaining cardiac function, hepatocyte energy 

metabolism in addition to lung and brain development(1, 2). Therapeutic Gc are routinely 

administered to pre-term infants in order to accelerate lung development and surfactant 

production to prevent respiratory distress (3).  

Gc responsive metabolic tissues include the liver, lung, adipose, and central nervous system 

(Figure 1.1). Stimulated elevation of circulating glucose levels by Gc in response to stress, acts 

to fulfil the increased energy demands of the immune system and maintenance of brain 

function. Gc stimulate the upregulation of genes encoding enzymes involved in gluconeogenesis 

in the liver. To complement this action, Gc mobilise amino acids and fatty acids for uptake by 

the liver to serve as substrates for the synthesis of glucose. This occurs in muscle tissues through 

a reduction of glucose uptake and protein synthesis, coupled with an increase in protein 

catabolism while lipolysis in adipose tissue stimulates release of free-fatty acids. Further 

metabolic effects of Gc include stimulating β-cells of the pancreas to reduce insulin secretion 
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and the upregulation of factors which oppose insulin signalling in the liver to maintain high 

circulating glucose levels (4).   

Gc have an immunomodulatory role and have been shown to regulate the action of a plethora 

of cell types at sites of pathogen challenge or trauma. Gc-mediated regulation occurs across all 

phases of the immune response and acts to prevent the overactivation of immune cells and 

promotes inflammatory resolution. However, following resolution wound healing processes: re-

epithelialisation, collagen deposition and angiogenesis are all suppressed by Gc. Therefore, 

reduced Gc levels are more favourable under these conditions (5).  

The essential homeostatic role of endogenous Gcs upon various tissues and the necessity of 

tightly coordinated action is highlighted by cases of Addison’s disease and Cushing’s syndrome; 

rare conditions defined by Gc deficiency and chronic hypercortisolism respectively. Patients with 

Addison’s disease display weight loss, hypoglycaemia, hypotension, impaired stress resistance 

and often develop autoimmune disease. These pathologic phenotypes manifest as a result of 

disturbances in metabolism of carbohydrates, protein and fat in addition to uncontrolled 

immune activation. Whereas the excessive, chronic secretion of cortisol exhibited by patients 

with Cushing’s syndrome is associated with the development of metabolic syndrome (central 

obesity), insulin insensitivity (hyperglycaemia), cardiovascular disease (hypercholesterolemia), 

osteoporosis, neuropsychiatric disorders, impaired wound healing and immune function (2). 
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Figure 1.1. Glucocorticoid responsive tissue 

Glucocorticoids act systemically and exert their actions upon multiple organ systems to restore homeostatic balance. 
Major functions of Gc include: synchronisation of circadian rhythms, modulation of immune responses and to suppress 
damage induced by excessive inflammation and the regulation of glucose and lipid metabolism.   

1.1.2 Glucocorticoids: Clinical Usage 

Since their initial discovery in the 1940’s, Gc remain the first-line treatment for conditions with 

an inflammatory component. It is estimated that 1-3% of the adult population hold a 

prescription for Gc (6) furthermore, long term oral prescriptions in the UK have risen by 34% 

over the last 20 years (7). This widespread usage of synthetic Gc to treat chronic inflammatory 

diseases is a testament to their effective broad-targeting immunosuppressive properties, whilst 

their anti-proliferative, anti-angiogenic properties have been harnessed for cancer therapy (2). 

Such conditions for which Gc are routinely used are outlined in Figure 1.2. Despite successful 

management of disease symptoms, the clinical application of Gc is severely limited by unwanted 

action of Gc on metabolism.  Such effects reflect the phenotypic symptoms of Cushing syndrome 

including: development of type 2 diabetes, osteoporosis, increased adiposity, muscle atrophy 

and fatty liver disease (8). Gc can also reduce bone mineral density which increases the risk of 

osteoporosis and fractures. This occurs as a result of reducing intestinal absorption of Ca2+and 

negatively regulating the activity of osteoblasts and inhibiting the secretion of factors which 

facilitate bone mineralisation (9). 
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Figure 1.2. Clinical uses of Glucocorticoids 

Therapeutic Glucocorticoids such as Dexamethasone have a range of clinical uses. They broadly act to prevent and limit 
the damaging effects of inflammation.  
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A range of Gcs which differ in their potency, duration of action and mode of delivery have been 

developed in order to limit these systemic adverse effects. Local application enables a more 

targeted delivery of Gc to the desired area and avoids the use of systemic doses. Topical creams 

containing Hydrocortisone, the synthetic form of endogenous cortisol, are used to treat skin 

conditions. While inhaled Gc Fluticasone and Budesonide are used to treat asthma (2). Where 

topical treatment is not possible, to mitigate the risk of fractures, some patients may receive 

bone-active treatments such as bisphosphonates alongside long-term corticosteroid 

prescriptions (6). Systemic Gc delivery is necessary for rheumatic disease and as part of cancer 

therapy as there are currently no alternative options. Maintaining the lowest possible 

therapeutic dose is the current strategy to limit side effects however, this is confounded by the 

fact that as inflammatory disease progresses, patients develop localised Gc resistance. Some 

reports suggest that as many as 30% of patients become Gc resistant (10, 11). This necessitates 

patients requiring higher doses for the same clinical benefit, which in turn increases both the 

incidence and severity of side effects (1).  Resistance is particularly common in asthma (12, 13) 

and presents a large challenge in the treatment of lymphoid malignancies (11, 14). Therefore, 

understanding the molecular mechanisms of Gc function and identifying relevant factors that 

modify their efficacy is fundamental to the management of inflammatory diseases in the longer 

term. 

1.2 Endogenous Gc: Synthesis and Regulation 

Dynamic circadian and ultradian rhythms regulate endogenous Gc synthesis and release, which 

occurs rapidly upon stimulation (2). The hypothalamic-pituitary-adrenal (HPA) axis integrates 

systemic neural, endocrine and cytokine signals which ultimately results in cortisol secretion 

(Figure 1.3). In response to physiological signals and stressors, corticotropin-releasing hormone 

(CRH) and arginine vasopressin (AVP) are released from the paraventricular nucleus of the 

hypothalamus. These factors stimulate corticotroph cells of the anterior pituitary to produce 

and release adrenocorticotropin hormone (ACTH) into the circulation. ACTH feeds forward to 

the adrenal glands to induce steroidogenesis, the enzymatic synthesis of endogenous cortisol 

from cholesterol. This occurs within the adrenal cortex leading to cortisol secretion into the 

blood (1). Negative feedback mechanisms at each stage of the synthesis pathway are tightly 

controlled which maintains the fine balance of input signals to prevent an excessive release of 

endogenous hormone.  
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Figure 1.3. Endogenous glucocorticoid synthesis and regulation 

The hypothalamic-pituitary-adrenal (HPA) axis regulates the synthesis of cortisol. Daily circadian rhythms regulate 
cortisol release which is increased in response to stress and inflammatory signals such as cytokines. Corticotropin-
releasing hormone (CRH) and arginine vasopressin (AVP) are released from the paraventricular nucleus of the 
hypothalamus which stimulate corticotroph cells of the anterior pituitary to produce and release adrenocorticotropin 
hormone (ACTH) into the circulation. ACTH induces steroidogenesis, the enzymatic synthesis of endogenous cortisol 
from cholesterol, within the adrenal cortex of the adrenal glands. Cortisol is secreted into the circulation and is 
transported systemically bound to cortisol binding globulin (CBG). Negative feedback signals maintain the balance and 
prevent excessive hormone release.   
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The HPA axis is the primary regulator of Gc secretion. Although, Toll-like receptor 2 (TLR2) and 

TLR4 signals within adrenocortical cells have also been shown to promote steroidogenesis which 

links steroid production with inflammatory stimuli. Additionally, local production has been 

reported within the skin (15), thymus and intestine (16) and may reflect local control at critical 

immunological interfaces.  

Although Gc are released systemically, the local availability and activity is regulated in a tissue 

specific manner. Approximately only 5% of circulating cortisol is biologically active as binding to 

high-affinity carrier protein, cortisol binding globulin (CBG) or albumin distributes the hormone 

systemically in an inactive state (5). At sites of inflammation CBGs are subject to degradation 

and increased temperature reduces their affinity to bind cortisol; serving as an efficient delivery 

system to inflamed tissues (17). Unbound Gc has a low molecular weight and is highly lipophilic 

therefore is able to freely diffuse into cells across the plasma membrane. The conversion 

towards active Gc is regulated at a cellular level by 11b-hydroxysteroid dehydrogenase enzymes 

(11b-HSD) located within the cytosol. 11b-HSD1 catalyses the conversion of cortisol from the 

inactive precursor cortisone, while 11b-HSD2 favours the converse reaction to rapidly inactivate 

cortisol (18). Expression of 11b-HSD1 is high in key Gc metabolic organs such as liver, skeletal 

muscle and adipose tissue (19) whilst expression in immune cells is inducible by pro-

inflammatory cytokines (20). This demonstrates that the concentration of bioactive cortisol is 

dictated by the local balance in cellular enzyme expression levels allowing for rapid 

inflammatory resolution.   

1.2.1.1 Cortisol and Dexamethasone Chemical structure 

Synthetic steroids such as hydrocortisone and Dexamethasone (Dex) were developed based on 

the structure of endogenous cortisol (Figure 1.4). The structure of corticosteroids is formed of 

a cyclopentanoperhydrophenanthrene backbone. Dex differs to cortisol by the addition of a 

fluorine atom, an additional methyl group and double bond between two carbon atoms.  

  



 

 8 

 

Figure 1.4. Chemical structures of Cortisol and Dexamethasone  

The common glucocorticoid chemical structure of is formed of 21 carbon atoms forming a 
cyclopentanoperhydrophenanthrene backbone, with three cyclohexane rings and one cyclopentane ring. The 
interconversion of endogenous hormone cortisol and the inactive form cortisone, is regulated by the 11β-HSD enzymes 
which control the availability of bioactive cortisol. 11β-HSD1 catalyses the reduction reaction at carbon 11 position 
(coloured elements) which converts cortisone into cortisol. The 11β-HSD2 catalyses the oxidation reaction to convert 
cortisol into cortisone. Dexamethasone differs to cortisol by an extra double bond between carbon 1 and 2 in the A-ring. 
Dex is fluorinated at position 9 and contains a methyl group at position 16 (highlighted red).  

 

1.2.1.2 Regulation of Synthetic Steroids 

Pharmacologic Gc are not subject to the same regulatory mechanisms as endogenous cortisol 

as they are unable to bind CBG which results in increased circulating levels of bioactive Gc. 

Prednisone/Prednisolone are substrates for 11b-HSD enzymes but 11b-HSD2 fails to inactivate 

Dexamethasone (21). Given the circadian rhythmicity of endogenous hormone, the timing 

synthetic Gc administration is an important consideration for the optimal efficacy of therapy as 

well as preventing side effects resulting from disturbance of the circadian cycle.    

1.3 The Glucocorticoid Receptor (GR)  

Gc exert their functional effects by binding and activating the glucocorticoid receptor (GR), a 

ligand-activated transcription factor and member of the nuclear receptor superfamily. The GR is 

ubiquitously expressed. The human NR3C1 gene encodes GR which comprises nine exons and is 

located on chromosome 5q31-32 (2).   
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1.3.1 Structure 

GR is a modular protein composed of an N-terminal transactivation domain (NTD), central DNA 

binding domain (DBD) and is separated from the C-terminal ligand binding domain (LDB) by a 

flexible hinge region, as shown in Figure 1.5A. The NTD contains a ligand-independent domain 

of strong transcriptional activation function (AF1) which is important for the interactions with 

transcriptional co-regulators and with elements of the transcription machinery (2, 22). The DBD 

recognises and binds directly to glucocorticoid response elements (GRE) throughout the genome 

through two zinc finger motifs, and can also mediate protein-protein interactions. Within the 

DBD is a 5 amino acid sequence termed the D-loop important for GR dimer formation (23). The 

LBD contains a hydrophobic ligand-binding pocket where Gc bind. The LBD region also contains 

a further region of transcriptional activation (AF2) which functions to interact with co-regulators 

in a ligand-dependent manner (1, 2).  The receptor also contains two nuclear localisation 

sequences (NLS1/NLS2) located at the DBD/hinge region and LBD, which are important controls 

for GR subcellular shuttling (24).  

1.3.2 Isoforms 

The NR3C1 gene comprises of 9 exons which can be alternatively processed to produce, 8 

translational isoforms which differ by their subcellular localisation, ligand affinity and capacity 

to regulate transcription (25).  The major GR species is GRa, which is typically defined as ‘full 

length GR’ and constitutes 90% of all GR transcripts in healthy tissues. The second major isoform 

is GRg, which comprises 8-10% and is almost identical to GRa, except for retention of 3 bases at 

the exon 3/4 boundary which introduces a single arginine into the DBD. The resultant disruption 

between the two alpha helices in the lever arm confers different preference for DNA sequence 

binding but does not alter DNA binding affinity (26). Further alternative splicing of GR mRNA 

gives rise to minor receptor isoforms; GRb, GR-A, GR-P which differ by their C-terminal regions, 

and are linked to Gc resistance in disease states (27) (Figure 1.5B). GR-b is transcribed from 

alternative exon 9 (exon9b), which lacks a functional LBD due to loss of helices 11 and 12, 

therefore the receptor is unable to bind ligand. It is thought that GRb can dimerise with and 

antagonise the actions of GRa, and increased expression of GRb is thought to be linked to steroid 

resistant asthma (28).  
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Figure 1.5. Glucocorticoid Receptor structure 

(A) GR protein is formed of a N-terminal transactivation domain (NTD) a central DNA binding domain (DBD), hinge 
region and a C- terminal ligand binding domain The NTD contains area of transcriptional activation 1 (AF-1) which 
interacts with transcriptional machinery. Once the ligand is bound within the hydrophobic pocket of the LBD the second 
area of transcriptional function is able to interact with co-regulator proteins. Two nuclear localisation sequences are 
located within the GR: NLS1 spanning the DBD and hinge region and NLS2 within the LBD. (B) The NR3C1 gene contains 
9 exons. Exons 2-9 form the protein coding region of the GR, exon 9 has two alternative transcripts: a and b and 
alternate splicing generates different GR isoforms. The three major GR variants generated by alternate splicing are 
outlined. GRa includes exons 2-8 and variant exon 9a, and accounts for approximately 90% of all transcripts. GRg uses 
exons 2-8 and variant exon 9a, but retains 3 bp at the exon 3/4 boundary which results in a single amino acid insertion. 
GRb includes exons 2-8 and variant exon 9b. (C) Post translational modifications of the GR protein. The NTD is the 
primary site for post-translational modifications such as phosphorylation (P), sumoylation (S), ubiquitination (U) and 
acetylation (A) which alter the functional properties of the GR.  

  

A) 

B) 

C) 
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1.4 Mechanism of Action  

In the absence of ligand, the GR is held within the cytoplasm in a multi-protein complex formed 

of chaperones: heat-shock protein 90 (hsp90) hsp70, heat-shock organising protein (hop) and 

associated co-chaperone molecules: hsp40, p23, p14 and immunophilins; cyp40, FK506-binding 

protein (FKBP)51/FKBP52 (Figure 1.6) (29). The assembled oligomer is essential for hormone 

responsiveness as it orientates the ligand binding domain in a competent state such as to assist 

high affinity ligand-binding (24). Once GR binds to its ligand, the receptor translocates into the 

nucleus where it functions as a transcription factor. The nucleocytoplasmic shuttling of GR is a 

dynamic process through the macromolecule nuclear pore complex, embedded in the nuclear 

envelope (30). A dynamic equilibrium controls the localisation of unliganded GR which is 

predominantly maintained in the cytoplasm, while a small population is actively transported to 

the nucleus and diffuses back into the cytoplasm (31).   

Ligand binding induces a conformational change in GR which exposes the two NLS and the 

receptor becomes hyperphosphorylated through interaction with cellular kinases. Formation of 

the nuclear transfer complex occurs following the exchange of FKBP51 for FKBP52 facilitating 

recruitment and direct interaction with dynein motor complexes for transport along the 

microtubules (32, 33). The receptor dissociates from restraining accessory proteins for rapid, 

ligand-dependent, active transport into the nucleus. Importin-a, importin-ß1 heterodimers and 

importin-7 interact with GR through NL1 while importin-7 and importin-8 recognise NL2. Hsp90 

is required for efficient translocation and remains bound to the LBD during nuclear import (30). 

Once in the nucleus, GR interacts with other proteins and DNA to control transcription. The 

localisation of GR at a given time depends on the balance of import and export dynamics. In the 

presence of ligand, GR is predominantly localised in the nucleus. 

 Following ligand withdrawal GR rapidly dissociates from DNA and re-associates with the co-

chaperone complex but remains with the nucleus. Redistribution of GR to the cytoplasm is 

subject to a slow rate of nuclear export due to a nuclear retention signal within the GR hinge 

region (34). Active export is mediated by calreticulin and binds GR through a motif between the 

2 zinc fingers in the DBD (31).  
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Figure 1.6. GR nuclear translocation 

The GR is held in an inhibitory chaperone complex in an active conformation to promote ligand binding. Glucocorticoids 
diffuse through the plasma membrane into the cytoplasm and GR-ligand binding drives a conformational change which 
promotes the dissociation of chaperone proteins including the substitution of FKBP51 for FKBP52. Upon ligand binding, 
GR immediately interacts with kinases to initiate rapid non-genomic signalling involving second messenger cascades. 
This results in fast-acting signals and cellular changes. The GR-ligand complex subsequently docks and is transported 
along microtubules into the nucleus through the nuclear pore complex (NPC). In the nucleus GR modulates transcription 
which is known as the genomic action of GR, which controls the expression of genes to generate long-lasting 
transcriptional changes. Hsp: heat shock protein. NPC: nuclear pore complex.  

 

1.4.1 Post translational modifications  

Post-translational modifications (PTM) on the GR protein alter the functional activity, stability, 

localisation and diverse signaling capabilities induced by Gc. The receptor is subject to regulation 

by phosphorylation, ubiquitination, sumolation and acetylation which are outlined in Figure 

1.5C.  

GR phosphorylation occurs as a result of ligand binding and cross-talk with other signaling 

pathways. The NTD is the primary site of GR phosphorylation in particular within the AF-1 region 

(35). Phosphorylation patterns influence Gc sensitivity, GR interaction with co-factors and 

transcriptional capacity, while the functional outcome is dictated by the activating kinase (36).  
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Various kinases: p38 mitogen-activated protein kinase (MAPK), c-Jun N-terminal kinases (JNKs), 

glycogen synthase kinase 3 (GSK-3), cyclin-dependent kinases (CDKs), extracellular signal-

regulated kinases (ERKs) and protein kinase B (PKB) /Akt have been shown to phosphorylate the 

GR across multiple serine residues, demonstrating that the array of cellular Gc responses 

controlled are regulated by a variety of inputs.  

GR is basally phosphorylated on pSer203 and CDK1 and CDK5 have been implicated in 

phosphorylation of this residue (37). pSer203-GR is found located within the cytoplasmic fraction 

and is responsive to ligand (38) but is unable to bind glucocorticoid-specific gene promoters and 

is therefore considered to be transcriptionally inactive (39).   

The pSer211 phosphorylation mark is highly inducible upon ligand binding and is considered a 

mark of active GR (38).  GR- pSer211 is predominantly localised within the nucleus and has been 

found in association with the mediator of RNA polymerase II transcription subunit (MED14) a 

subunit of the mediator complex which forms part of transcription machinery (36). The level of 

phosphorylation is directly associated with Gc-dependent transcriptional activity and mutation 

of this residue reduces the expression of the GR target genes Gc-induced leucine zipper (GILZ, 

also known as TSC22 domain family protein 3 (TSC22D3) and interferon-regulatory factor (IRF)8. 

(35, 36, 39) The residue can be phosphorylated by p38 MAPK which subsequently enhances 

transcription and GR-dependent apoptosis (40). p38 MAPK is activated by 5’ AMP-activated 

protein kinase (AMPK) which regulates Gc action upon carbohydrate metabolism and energy 

homeostasis in a tissue specific manner.  This alters the accumulation of co-factors to GR-bound 

gene promoters and suppresses genes mediating the catabolic effects of Gc upon glucose 

metabolism (37, 41). Cyclin-CDK complexes also phosphorylate GR at Ser211 which has a positive 

effect on transcriptional activity. Furthermore, CDK1 has been shown to alter the localisation of 

GR to the nucleus which may in-part link the interplay of GR activity with cell cycle phases (37).    

JNK has been shown to phosphorylate GR pSer226 and accelerates the nuclear export of GR 

following ligand withdrawal (42). A mutation preventing phosphorylation at this position 

showed increased expression of classical GR-target genes GILZ and IRF8 expression.(39) Taken 

together this suggests the pSer226 modification attenuates the transcriptional activity of GR.  

Another post-translational modification shown to alter the repertoire of transcribed genes 

induced by Gc is pSer404 which is phosphorylated by GSK3β. A conformational change alters the 

interaction of GR with co-factors and affects the repressive activity of nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB)-regulated genes. pSer404 phosphorylation may 

increase the rate of export of GR from the nucleus and at high levels be resistant to Dex-induced 

cell death. (43) 
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In response to cellular stress signals p38 MAPK mediates hyperphosphorylation of GR on Ser134. 

Phosphorylation is independent of ligand and does not alter protein stability or translocation of 

GR but instead creates a binding site facilitating the binding of 14-3-3 zeta co-factor protein at 

gene promoter regions. This modification re-directs the Gc-dependent transcriptional response 

for a subset of genes, showing that cells modify the activation of GR-regulated pathways under 

stressful conditions. (44)  AKT1 has been shown to modify GR nuclear translocation following 

phosphorylation of the Ser134 residue and subsequent binding by 14-3-3 (14), which, in parallel 

with other AKT1-mediated mechanisms antagonised Gc-induced apoptosis in T-cell acute 

lymphoblastic leukaemia (T-ALL) (45).  Many of the phosphorylation marks on GR have also been 

associated with aberrant activation of signalling pathways and may be related to resistance – 

particularly in lymphoid malignancies.  

The GR is targeted for degradation by the proteasome following ubiquitination on Lys-419 which 

is important for ligand-dependent downregulation of GR to prevent overactivation of Gc-

responsive genes (46). SUMOlaytion of GR occurs on Lysine residues -277, -293 and -703 and is 

increased by ligand binding (46). The SUMO modification was initially associated with receptor 

turnover but has since been shown to affect GR-mediated transcription chromatin occupancy. 

This was shown to be important for the regulation of genes associated with proliferation and 

survival (47) as well as the repression of pro-inflammatory genes (48). Acetylation of GR within 

hinge region on residues Lys-494 -495 is ligand dependent and fluctuates in a circadian manner 

(49). Removal of the acetylation mark by histone deacetylase (HDAC2) is required to suppress 

NF-κB mediated inflammation (28, 50). Overall, the orchestrated balance of PTMs on GR adds 

further complexity to the regulation of its action and must be tightly controlled to avoid 

insensitivity or dysregulation.  

1.4.2 Polymorphisms 

Polymorphisms in the NR3C1 gene have been identified, some of which have been linked to 

altered GR transcriptional function and partly explain varied degrees of systemic Gc sensitivity 

within specific subpopulations (2, 27). One example, the ER22/EK23 polymorphism within exon 

2, results in an arginine to lysine change within the NTD of the mature protein. This modifies the 

ability of GR to upregulate target genes and correlates with Gc resistance (51). In contrast the 

single nucleotide polymorphism (SNP) N363S, also located within exon 2, results in a substitution 

of asparagine to serine and increases Gc sensitivity (51). A missense variant R714Q, has varied 

clinical manifestations from mild to severe Gc insensitivity. This is attributable to a 

conformational change in the ligand binding pocket which reduces the affinity of GR for ligand 

and transcriptional activity (52). Helix 1 of the LBD is required for GR to interact with key 

chaperone protein hsp90 while a repeat of 4 leucine residues in helix 8 is important for hsp90 
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binding maintenance of receptor conformation. Mutations in this region impede the association 

of GR with hsp90 and due to lack of stability, prevents Gc-induced nuclear translocation and 

transcriptional activity of GR (53). Other mutations in the CTD alter GR ligand binding capacity 

conferring a decreased (532-536 LXXLL to LXXAA) or increased (C656G or C656S) ligand binding 

affinity. 

1.5 Transcription  

1.5.1 RNA Polymerase II-mediated transcription  

RNA polymerase II is a large multiprotein complex which is responsible for the synthesis of all 

protein coding genes. The transcription of mRNA is a highly dynamic process that is tightly 

regulated at all stages. The largest subunit of the complex, DNA-directed RNA pol II subunit B1 

(Rpb1) (also known as RNAPII subunit A POLR2A) contains a consensus 52-repeated 

heptapeptide (Y,S,P,T,S,P,S) sequence which forms the CTD. The distinct phosphorylation 

pattern of the CTD Ser2, Thr4, Ser5, Ser7 residues orchestrates RNA pol II activity, as it provides 

a scaffold for the binding of transcription-associated factors. This allows for the coupling of 

transcription with chromatin remodelling and nascent RNA processing (54, 55). 

The transcription-associated cyclin-dependent kinases (CDKs) mediate the cycle of reversible 

phosphorylation of the Rpb1 CTD which corresponds to the transcriptional stage (Figure 1.7). 

General transcription factors and the mediator complex assemble with a hypo-phosphorylated 

RNA pol II at gene promoters to form the pre-initiation complex. Phosphorylation on Ser7 is 

present at high levels at early stages and may be important to pave the way for phosphorylation 

of Ser5 - required to escape the gene promoters for transcription initiation. The transcription 

factor II F (TFIIF), part of the pre-initiation complex, aids transcription initiation by unwinding 

double-stranded DNA via the helicase subunit for RNA pol II accessibility as well as 

phosphorylating the Ser5 residue through the CDK7 subunit during early elongation. This 

establishes a stable paused complex. Proximal pausing of RNA pol II at an intrinsic pause site 

between 20-50 nucleotides downstream of the transcription start site (TSS) by negative 

elongation complexes (DSIF and NELF) can result in dissociation of the complex from DNA. 

Subsequent recruitment of the super elongation complex (SEC) containing positive transcription 

elongation factor b (P-TEFb) phosphorylates DSIF, NELF and Ser2 which permits RNA pol II to 

transition into a stable elongation phase (55). Ser5 phosphorylation of the CTD facilitates the 

recruitment of RNA capping enzymes, and spliceosome assembly (56) while Ser2 

phosphorylation is accompanied by the association of factors to aid the production of mature 

mRNA transcript including, RNA splicing and polyadenylation proteins and chromatin re-

modellers. During the elongation phase, levels of phosphorylated Ser2 increases while Ser5 is 
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removed. Thr4 is also an abundant modification present in conjunction with Ser2 and facilitates 

the interaction of the CTD with Rtt103 to mediate 3’ end cleavage for robust termination of 

polyadenylated transcripts (56). Following transcription termination and dissociation of RNA pol 

II from DNA, phosphatases remove CTD modifications allowing the recycling of hypo-

phosphorylated RNA pol II (55).    

 

 

 

Figure 1.7. The Transcription Cycle 

The Rpb1 large subunit of RNA polymerase II has a long C terminal domain (CTD) containing a conserved repeated 
sequence of 7 amino acids (52 repeats in humans) which are phosphorylated to tightly regulate the progression of 
transcription. The CTD residues are phosphorylated by the transcription-related cyclin dependent kinases (CDK) and 
each has a specific phosphorylation pattern that it recognises and regulates. To initiate transcription CDK7 
phosphorylates the serine 5 residue which required to escape gene promoters.  The complex pauses downstream of the 
transcription start site held by negative elongation factors: NELF and DSIF. CDK9 as part of the p-TEFb complex 
phosphorylates the negative elongation factors as well as the serine 2 residue to enable the progression into a stable 
elongation phase. During elongation serine 2 phosphorylation increases while serine 5 is removed. CDK12 and CDK13 
are serine 2 kinases and aid the association of factors to produce a mature mRNA transcript including RNA splicing 
machinery.     
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1.5.2 GR-mediated regulation of transcription  

GR controls the expression of a multitude of genes and GR has been shown to bind >10,000 sites 

across the genome. However, as with other transcription factors there is a discord between 

genomic occupancy and the number of expressed genes (57). The outcome of GR activation, and 

transcriptional regulation is highly complex and context dependent. GR can bind to DNA directly, 

or by tethering to other DNA bound transcription factors, and can recruit coactivators or 

corepressor proteins to mediate changes in gene transcription. These three broad models to 

describe how GR regulates the activation or suppression of target genes, are outlined in Figure 

1.8.  The expression of Gc-regulated genes is dictated not only by GR-activation status but 

higher-order chromatin architecture which directs the accessibility of transcription factors to 

bind to enhancer sites as well as co-factor availability and the presence of other transcription 

factors.   

1.5.2.1 Direct Binding 

GRα homodimers directly bind to target DNA sequences via the two zinc finger motifs within the 

DBD.  The consensus glucocorticoid response element (GRE) is an imperfect palindromic 

sequence comprising of two inverted hexameric half sites separated by three base pairs (Figure 

1.8A&D) (58). Each subunit of the homodimer occupies one half site which stabilises the 

interaction with DNA (59). GR directs local chromatin remodelling through the recruitment of 

co-activators, including histone acetyltransferases (HATs), to facilitate the assembly of the RNA 

pol II complex to upregulate target genes. However, the direct GR binding sites are more diverse 

than first appreciated. Conserved variations in GR binding sequences (GBS) within GREs 

increases the scope for GR-binding across the genome and can affect GR-DNA binding affinity 

(60, 61). GR-ligand complexes bind to negative GREs (nGRE) also known as inverted-repeat GBS 

(IR-GBS) and mediate transcriptional repression. Two GR molecules can bind to the non-identical 

motifs, separated by one base pair, on opposite sides of the DNA. However, biochemical studies 

suggest that in vivo GR may favour binding IR-GBSs as a monomer. (59, 62, 63).  

Each specific GBS acts as an allosteric modulator which stabilises the GR structure to direct the 

appropriate recruitment of transcriptional co-activators or co-repressors through the LBD (58, 

63). Similarly, ligands bound within the LBD influence receptor conformations which can direct 

GR to bind particular DNA regions. Additionally, the exposure of helix 12 following ligand-binding 

promotes the interaction with co-factors via the AF2 (59).  

GR dimers bound at classic GREs, adopt a particular conformation providing an interaction 

interface with increased affinity for proteins (59). The recruitment of co-activators such as the 

steroid receptor co-activator (SRC) (p160) proteins: SRC-1 (also known as nuclear receptor co-

activator 1 NCOA1), SRC-2 (also known as glucocorticoid receptor-interacting protein 1 (GRIP1) 
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and SRC-3 (NCOA3),  promotes gene expression by directly modifying chromatin accessibility, 

recruiting secondary co-activators to reorganise chromatin architecture and act as a bridge 

between GR and the transcription machinery (61). The SRC proteins possess intrinsic HAT 

activity, the enzymatic transfer of an acetyl group on to histone proteins which relaxes the 

chromatin to aid DNA accessibility. Through their large protein interaction domains, co-

activators form large multi-protein complexes. Binding to BRG1, the central ATPase part of the 

chromatin remodelling complex SWI/SNF, facilitates the assembly of a transcriptional pre-

initiation complex of the basal transcription machinery and activates gene transcription (5, 64).  

Conversely, GR bound to nGRE recruits co-repressors such as nuclear receptor co-repressor 1 

(NCOR 1) and NCOR2 (also known as silencing mediator for retinoid and thyroid hormone 

receptors (SMRT)) which recruit HDAC proteins, particularly HDAC3. Together co-repressor 

complexes alter the post-translational modification signature of histones by removing acetyl 

groups, which compacts the chromatin and restricts gene accessibility. This has the consequence 

of repressing gene expression. (65, 66). 

The locus specific recruitment of co-regulators by GR permits the regulation of distinct sets of 

target genes and adds further complexity to Gc-action (67, 68). GRIP1 can act as both a co-

activator and co-repressor and has a potent anti-inflammatory role to support the action of GR. 

Specific phosphorylation of GRIP1 by CDK9 is required for the activation (but not repression) of 

GR target genes bound by GR at GREs (69).  

1.5.2.2 Tethering  

Tethering is more transient and occurs through direct protein-protein interactions of ligand-

bound GR with DNA-bound transcription factors upon their corresponding response elements 

(70). Once in these complexes GR is able to alter the affinity of the transcription factor for DNA, 

recruit co-regulators and may act synergistically (transactivation via coactivators) or in 

opposition to the transcription factor (transrepression via corepressors). GR can tether to p65 

(RELA) of NF-κB or c-Jun subunit of AP-1 complex to inhibit their function (Figure 1.8B). This 

mechanism is thought to underlie the majority of the immunosuppressive actions of Gc (1, 71). 

In the case genes encoding major proinflammatory effectors, such as IL-6, GR occupancy at the 

proximal promoter was shown to be entirely dependent on the presence of an inflammatory 

stimulus (i.e. activation of p65 and AP1) and only occurred following the binding of p65 and c-

Jun, highly suggestive of tethering (72).   
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Figure 1.8. Mechanisms of GR genomic activity. 

(A) Direct: Ligand-activated GR homodimers bind directly to the imperfect palindromic glucocorticoid response element 
(GRE) consensus sequence. GR interacts with chromatin remodelling factors and co-activator molecules to recruit the 
basal transcription machinery (RNA polymerase II) which leads to the direct upregulation of GR response genes. GR can 
also bind DNA directly at negative (nGRE) sequences. Interactions with co-repressors and histone deacetylases restricts 
chromatin accessibility to repress the transcription of target genes. (B) Tethering: GR can bind to indirectly to DNA by 
binding to transcription factors bound at their cognate response elements and modify their transcriptional response. 
Either to enhance or repress the expression of target genes. (C) Composite: Interactions between GR and transcription 
factors both bound to DNA directly at adjacent sites. Cooperative or antagonistic actions result in the activation or 
repression of gene expression respectively. (D) Example of GR binding sequence motif (JASPAR:MA0113.3). GR: 
Glucocorticoid receptor. GRE: Glucocorticoid response element. GBS: GR binding sequence.  
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1.5.2.3 Composite interactions 

Co-ordinated interactions between GR bound to DNA at canonical half site GREs and other 

transcription factors bound to their response elements is another mechanism of GR-mediated 

regulation of gene expression (1, 60). These composite sites contain GR binding motifs alongside 

motifs for the binding of another transcription factor (Figure 1.8C). Such binding is transient and 

weak, and therefore requires the cooperative action of the transcription factors to stabilise 

regulatory complexes and regulate transcription. This adjacent binding has been described for 

AP-1 (57), NF-κB (73) and signal transducer and activator of transcription (STAT) transcription 

factors (74). Crosstalk can be reciprocal with resultant antagonism or enhancement of 

transcriptional activity. Equally the mutual dependence of transcription factors for access to 

additional binding sites (72, 73) demonstrates interactions are highly complex. In contrast to 

original assumptions that tethering was the principal mechanism to oppose the pro-

inflammatory activity of NF-κB and AP-1, it has been shown that direct binding of GR to DNA is 

required for both gene repression and activation (72, 75).  

1.5.2.4 Complexity of outcome 

Genome wide chromatin immunoprecipitation (ChIP)-sequencing studies have revealed that GR 

occupancy does not reliably correlate with regulatory effects upon proximal genes. Following 

activation GR occupies regions upstream, within the transcription start site (TSS) or the first 

exon. However, a significant proportion of GR binding occurs distal to gene promoters and 

within intragenic regions. Comparison with expression data revealed for repressed genes GR 

was bound more then 100kb from the TSS whereas for activated genes the median distance was 

11kb (76). The distal GR occupancy may regulate expression due to a chromatin folding 

mechanism. An enhancer-cluster model was proposed by Vockley et.al where GR directly bound 

to DNA also interacts via protein-protein interactions with TFs at tethered sites kilobases away. 

Synergistic interactions are possible via chromatin loops and clusters of GR-bound to tethered 

sites may modulate the output of sites directly bound by GR. (57) Further evidence suggests 

tethering requires GR with the capacity to bind to DNA for anti-inflammatory action. GR 

containing a mutation within the first zinc finger of the DBD is incapable of binding to classic GRE 

or half site sequences. The genomic occupancy of this mutant GR at NF-κB and Ap-1 sites and 

co-immunoprecipitation with p65 support that the tethering capacity is maintained. However, 

transcriptional repression response to Dex was absent owing to the inability to recruit GRIP1 

and assemble co-regulatory complexes (75). 

Dynamic interactions between GR and other transcription factors shapes the specific 

transcriptional outcome.  Gc-induced gene expression patterns are highly variable between cell 
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types (77) due to cell-type specific transcription factor co-expression and activity and areas of 

active chromatin (78). GR-cistrome comparisons by Uhlenhaut et al. revealed that between 

macrophages, adipocytes, pituitary and mammary cells GR binding has an overlap of less than 

1% (72).  Therefore, despite the ubiquitous expression of GR, the chromatin landscape and 

activity of other transcription factor pathways defines the specific actions of Gc (22, 72). 

The outcome of GR signalling is also modified by the tissue environment to ensure the Gc 

response is fine tuned to ensure the most appropriate response in that context. GR may 

compete for DNA occupancy as GBS have been found within AP-1 response elements and also 

compete by binding co-factors (59). In the presence of inflammation, GR occupancy across the 

genome is significantly increased compared to basal levels, suggesting the inflammatory 

cistrome is more accessible to GR binding. However, regardless of the timing of inflammatory 

stimulus, GR activation reduces the total chromatin occupancy of NF-κB. This finding opposes 

the tethering model as GR requires residence of NF-κB on DNA to bind instead increased GR 

binding may be facilitated in chromatin regions made first accessible by NF-κB (79).   

1.5.2.5 GR Oligomerisation  

For years it was believed that the metabolic side-effects of Gc treatments were the result of the 

direct upregulation of metabolic genes from GR homodimers bound to GREs. Therefore, the 

clinically desirable anti-inflammatory action of Gc were thought to be regulated by GR 

monomers tethering to pro-inflammatory transcription factors or composite elements. The 

generation of a GR dimerisation deficient (GRdim ) mutant (A458T in humans) compromises the 

formation of GR homodimers, and initially sought to untangle this specific mechanism of 

transactivation and transrepression. Equivalent GR dim/dim mice possess an amino acid 

substitution within the D-loop of the DBD (A465T) which reduces receptor dimerisation and 

direct DNA binding. This single missense mutation was thought to prevent GRE-dependent 

transactivation, yet maintain the functionality of monomeric GR and desirable anti-

inflammatory effects via tethering (80). In contrast to GR knockout mice, mice harbouring this 

mutation survive after birth but display impaired cognitive and memory function in response to 

elevated stress hormone levels (81). GRdim mice are extremely sensitive to inflammatory stimuli, 

show poor maintenance of intestinal barrier function are highly susceptible to pathologic 

inflammation such as hypersensitivity and sepsis (82). Overall, GRdim mice have revealed the 

importance of GR-dimerisation for homeostatic functions and the control inflammation and 

dissection of metabolic and anti-inflammatory GR effects is more complex. 

Chip-seq experiments challenged the understanding that the GRdim mt is incapable of directly 

binding to DNA and revealed that GRdim binds the genome (in a circadian fashion) but does not 
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occupy the canonical palindromic GRE motif (83). In fact, GR dimerisation is more complex, and 

also requires interaction through an interface in the LBD. Therefore, previously described GRdim 

mts could still dimerise through LBD-LBD interactions. The (L634A) mutation within the LBD 

reduces the active-GR dimeric population and displays an impaired transactivation mechanism 

but retains all capacity for transrepression (84). Mutations within GR preventing interdomain 

interactions are also shown to alter the allosteric effect of DNA upon GR and thus the ability to 

interact with co-factors (80, 85).  

More recent attempts to understand GR quaternary structure and oligomerisation status show 

that a monomeric GR are non-functional in vivo. Given that a dimerisation-defective mutant is 

incapable of triggering a transcriptional response as chromatin binding is unstable. The 

transcriptional activity of the GRdim receptor is minimal in comparison to GRwt but is capable of 

binding sites containing both full and half-GRE motifs. Occupancy at these sites is likely to be as 

GR dimers though the retained interaction within the LBD and was found to primarily occur at 

sites of pre-accessible chromatin (86).  

GR has also been described as forming a tetramer complex when bound to DNA. Although, it 

remains unknown whether this quaternary structure is the result of two dimers on adjacent DNA 

or facilitating looping between distal sites in the genome (85).  

1.6 Non-genomic action of Gc 

Aside from the long-lasting genomic effects, activated GR induces a number of rapid intracellular 

kinase signalling events which occur too quickly to depend on transcriptional changes. These 

immediate cellular responses are part of the GR’s non-genomic mechanism of action and were 

initially considered distinct from the long-lasting genomic effects (Figure 1.6). Non-genomic Gc 

signalling remains poorly characterised by comparison to Gc-mediated genomic action but 

recent studies have suggested that these rapid extranuclear signals shape genomic activity and 

long lasting Gc action (87). Therefore, understanding the full extent of Gc signalling and how GR 

non-genomic action may influence the response to therapeutic Gc is of crucial importance.   

The signalling events following GR activation have been shown to modulate calcium mobilisation 

(88), inhibit ion channel conductivity (89) and promote mitochondrial apoptotic pathways (90); 

however, such actions appear to be cell type specific. Activated GR can alter the activity of 

parallel signalling pathways which include MAPKs (91), JNKs (92), ERKs,  protein kinase (PK)A, 

PKB/Akt, PKC and phosphatidylinositol-3-phosphate kinase (PI3K) (89, 93, 94). Many of the non-

genomic actions are defined by their rapid onset, insensitivity to inhibition of protein synthesis 

and in some instances are unperturbed by GR antagonist Ru486 (88). Gcs are thought to exert 

their non-genomic effects through various mechanisms including: specific interactions with 
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cytosolic GR and a membrane-bound GR in addition to non-specific interactions with the plasma 

membrane. Given that the GR does not possess kinase capabilities, how Gc initiates and engages 

with the diverse range of downstream pathways is not completely understood.  

1.6.1 Cytosolic GR 

The ligand-induced activation of cytosolic GR (cGR) promotes a conformational change resulting 

in the liberation of chaperone proteins and freeing them to participate in secondary signalling 

cascades. Several kinases which mediate MAPK signalling are part of the multi-protein complex 

which holds GR in the cytoplasm. Proto-oncogene tyrosine-protein kinase (Src) is one such 

kinase and following rapid release induced by Gc, Src proceeds to phosphorylate annexin 1 

which inhibits the epidermal growth factor receptor (EGFR)-stimulated release of arachidonic 

acid – a precursor molecule to eicosanoids. Gc also reciprocally regulates EGFR signalling by 

preventing the recruitment of adaptor proteins to the activated receptor. This event is mediated 

by GR (Ru486 sensitive) but is independent of transcription (actinomycin-D insensitive) and the 

nuclear translocation of GR (95). Cortisol has been shown to increase reactive oxygen species 

(ROS)-mediated DNA damage in two breast cancer cell lines. Thought to occur following the 

dissociation of Src which phosphorylates inducible nitric oxide synthase (iNOS) consequently 

increasing the production of nitric oxide (NO) to cause oxidative DNA damage (96).  

1.6.2 Membrane GR 

The existence of a membrane-associated GR has been alluded to in studies demonstrating Gc-

induced activation of membrane-proximal second messenger cascades (97, 98). Studies using 

membrane impermeable steroids conjugated to bovine serum albumin (BSA) have identified 

rapid changes in phosphorylation status of a number of kinases, including the activation of p38 

MAPKs (91) and PKC via phospholipase C (PLC)𝛾. However, the precise existence and 

functionality of a membrane GR (mGR) remains unresolved.   

Several studies have focussed on trying to identify such a receptor. High-sensitivity 

immunofluorescent staining techniques are capable of detecting the GR on the cell surface using 

antibodies recognising epitopes encoded by the NR3C1 gene. This has been demonstrated in cell 

lines including MCF-7 (99) (ER+ Breast cancer), U2-OS (99) (Osteosarcoma), CCRF-CEM (99) (T 

lymphoblastoid ALL) and Basophils (100), CD14+ monocytes, B-lymphocytes but not T-

lymphocytes from healthy PBMC (101).  Exposure to lipopolysaccharide (LPS) increased 

expression of the receptor on monocytes only; an upregulation which relies on the synthesis 

and transport of new protein.  Monocyte expression of this mGR is positively correlated with 

disease score in rheumatoid arthritis (101), increased in (SLE) patients and reduced in line with 
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Gc treatment (102). These observations suggest a regulatory balance exists which increases the 

membrane localisation with inflammation and Gc control a negative feedback loop.  

However, transient RNA interference does not affect the protein expression of mGR but stable 

knockdown of GR reduces detectable cytoplasmic and membrane GR expression. This supports 

the hypothesis that the two receptors are expressed by the NR3C1 gene (91). Since over 

expression of GR⍺ does not increase detectable levels of GR at the plasma membrane, the turn-

over, regulation and localisation to the two receptors may be controlled separately (101). 

GR is found in association with the integral membrane protein, caveolin-1 (Cav-1) in membrane 

lipid rafts at the cell surface (99, 103). The molecular mechanism underlying GR membrane 

localisation and caveolin-1 co-localisation are undefined. Caveolin-1 forms an essential 

component of caveolae, which are lipid-raft microdomains that form non-clathrin-coated flask-

shaped invaginations of the plasma membrane. Caveolin-1 acts as a protein scaffold for the 

organisation and concentration of signalling complexes. Caveolin-1 facilitates the translocation, 

assembly and signal transduction of closely related steroid receptor oestrogen receptor (ER) at 

the plasma membrane (104, 105). This association with Caveolin-1 and ER is promoted by S-

palmitoylation - a reversible lipid post-translational modification which increases the 

hydrophobicity of a protein allowing close association with the membrane. This modification of 

the LBD of other steroid receptors is necessary for transport to the membrane and downstream 

signalling through MAPK and PI3K (104). However, despite the identification of a homologous 

evolutionary conserved sequence in the LBD of GRα, it appears that GR does not undergo S-

palmitoylation and is not responsible for the association of GR with caveolin-1, membrane 

localisation or subsequent MAPK signalling (53, 106).  

1.6.2.1 G-protein coupled receptors  

G-protein coupled receptors (GPCR) are a large family of protein receptors found at the cell 

surface. Over 800 members of the GPCR superfamily have been identified within the human 

genome which all have characteristic 7 transmembrane spanning domain. Collectively GPCRs 

respond to a large range of extracellular stimuli direct and array of intracellular responses, 

largely through the coupling to G proteins. This has made GPCRs a major drug target with around 

40% of all FDA approved drugs act by binding GPCRs (107).  

Downstream cellular responses from GPCRs are often immediate and fast acting, mediated 

through second messenger cascades but can often converge on transcription factors to activate 

transcriptional responses. GPCRs become stabilised in an active conformation following the 

binding of an agonist ligand. This enables the coupling of heterotrimeric G-proteins, composed 

of G alpha (Gα), G beta (Gβ) and G gamma (Gγ) subunits, which are attached to the plasma 
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membrane through lipid anchors on Gα and Gγ.  Activation results in the exchange of GDP for a 

molecule of GTP bound to Gα, activates the G protein permitting the dissociation of the 

heterotrimeric complex whereby proteins diffuse laterally to interact with other proteins 

situated at the membrane to activate second messenger signalling. The multiple genes encoding 

G protein subunits accounts for the specificity and diversity of downstream effects (108). 

Phosphorylation of activated GPCRs primarily by GPCR kinases, tends to occur on the C-terminal 

region to promote the high-affinity binding to β-arrestins, scaffolding proteins which 

desensitises G protein signalling by preventing further G protein coupling and activation.  β-

arrestins can also participate in downstream signalling activity as well as facilitate the 

internalisation of activated GPCRs (109).   

Gc rapidly induce signalling events which typically originate from GPCRs such as adenylate 

cyclase and phospholipase C activation. Closely related steroid receptors such as ER and 

progesterone receptor (PR) and androgen (AR) each have a related family of membrane 

receptors (GPR30, mPR, GPRC6A respectively) which are encoded by genes distinct from that of 

the cytosolic receptor (110). Both Gc and BSA-cortisol induce a swift increase in cyclic AMP 

(cAMP) in primary human airway smooth muscle cells. This is abolished by the knockdown of G⍺s 

and unaltered by knockdown or inhibition of GRα.  These observations imply that Gc activate 

the changes in cAMP dynamics though GPCR mechanism (87).  Furthermore, acting through a Gi 

protein coupled receptor, Dex can inhibit the stimulated activity of potassium channels in airway 

epithelial cells (89).    

1.6.3 Non-specific membrane interactions 

Gc indirectly affect the biophysical properties and composition of cellular membranes. 

Endogenous Gc are derived from cholesterol- a constitutive modulator of plasma membrane 

stability. As both endogenous and synthetic steroids share structural similarities, Gc have been 

shown to  generate changes in the fluidity and permeability of the lipid bilayer (111), this may 

occur while diffusing into the cell or by intercalating at high levels. High-dose Gc treatment can 

non-specifically affect energy utilisation of lymphocytes. Disruption to the physiochemical 

balance of the membrane by Gc impacts the transport of cations (Na+ and Ca2+) into the cell in 

addition to increasing proton permeability across the mitochondrial membrane which is 

important for cellular metabolism and protect against ROS. Cation cycling through ATP-

dependent transporter and protein leak across the mitochondrial membrane are two of the 

main energy consuming processes in activated lymphocytes therefore, an impairment of ATP 

production and energy re-allocation would obstruct immune functions such as phagocytosis, 

migration antigen processing and cytokine production (112).  
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1.7 Glucocorticoid regulation of inflammation  

1.7.1 Gc regulation of immune cells 

Immune cells are a major target of therapeutic Gc, Dex in particular has well documented effects 

upon immune cell proliferation, differentiation and viability (61, 77, 113, 114). The 

transcriptional and pathway responses to Gc are considerably different between non-

haematopoietic and haematopoietic cells as well as between specific immune cell types (77).    

At the site of infection or trauma, local cells detect signals indicative of pathogen challenge and 

tissue damage to initiate an immune response. Innate receptors include pattern recognition 

receptors (PRRs), complement and Fc receptors which rapidly activate the production and 

secretion of inflammatory mediators such as cytokines, eicosanoids and vasoactive amines. The 

role of these secreted factors is to alert and activate tissue resident cells and recruit further 

immune cells to the site.    

Gc dampen and attenuate downstream signalling from these innate receptors at multiple levels 

to suppress the production of secreted factors and prevent immune cell activation. TLR signals 

converge to activate the transcription factors NF-κB, AP-1 and IRF3; in the nucleus GR can 

directly antagonise the expression of their repertoire of pro-inflammatory gene targets (72, 75, 

115). The parallel activation of genes encoding anti-inflammatory mediators by GR further 

facilitates the inhibition of TLR signalling. GILZ can directly bind to NF-κB to inhibit nuclear 

translocation, in addition to NF-κB inhibitor alpha (Iκ-Bα / NFKBIA) which sequesters the 

transcription factor in the cytoplasm (116, 117).  Direct DNA binding by NF-κB and AP-1 is also 

impeded by GILZ to reduce the expression of pro-inflammatory cytokines (118). The dual 

specificity protein phosphatase 1 (DUSP1) gene encodes MAPK phosphatase (MKP-1) which 

dephosphorylates p38 MAPK to suppress signalling and prevents the downstream activation of 

pro-inflammatory genes (119).  

Gc suppress the expression of adhesion molecules, integrins and chemokines on the vascular 

endothelium and by tissue resident leukocytes to prevent the migration of further leukocytes 

such as neutrophils and circulating monocytes. To further prevent migration and maintain tissue 

integrity, Gc act to reduce the permeability of the endothelial barrier. Through the positive 

regulation of annexin A1 production and function, and by inhibiting of the production of 

eicosanoids such as prostaglandins and leukotrienes. These lipid mediators enable cell 

infiltration by promoting vascular permeability. Increased annexin A1 secretion by macrophages 

interferes with the release of arachidonic acid by phospholipase A; a key step in eicosanoid 

biosynthesis (120). In conjunction, annexin A1 functions to reduce immune cell recruitment 
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through the down-regulation of adhesion molecules which interferes with immune cell 

migration (121). 

Gc shape the inflammatory environment by modulating cytokine networks; suppressing the 

expression of pro-inflammatory cytokines including; interleukin-1b (IL-1b), IL-1a, IL-2, IL-3, IL4, 

IL-6, IL-12, IL-17, type 1 interferons (IFNs), tumour necrosis factor-⍺ (TNF-α) and chemokines 

and promoting anti-inflammatory cytokine release. Modulating the secretion of local mediators 

and disrupting activating signals required for the adaptive responses can skew immune cell 

phenotypes to promote inflammatory resolution (5, 27, 122). The transactivation of specific 

gene programmes by GR promotes anti-inflammatory features such as IL-10 producing cells and 

increases the anti-oxidative capacity of leukocytes (77, 114, 123).  GR upregulates ZFP36 (also 

known as tristetraprolin, TTP) which binds the mRNA of pro-inflammatory molecules, such as 

TNF-α, to destabilise and target for degradation and demonstrate how GR also suppresses 

cytokine expression at a post-transcriptional level (124).  

Antigen presentation by macrophages and dendritic cells is a crucial process which links the 

rapidly activated innate arm with the specific activation of the adaptive immune response. Gc 

influences the maturation and function of these antigen presenting cells which in turn can shape 

the activity of T and B lymphocytes.  Each of the 3 key signals: MHC presentation of antigen, co-

stimulatory molecule expression and appropriate cytokine stimulation are each subject to 

inhibition by Gc and reduces the capacity to activate T cells or skews differentiation towards T 

regulatory phenotype.  

For T cells which successfully engage their T cell receptor (TCR), Gc impede essential 

downstream kinase signals at multiple levels. Firstly, by rapidly suppressing kinase activity 

downstream of the TCR in a non-genomic manner, through the modulating kinase expression 

and by interfering with transcription factor activity (NF-κB, AP1, NFAT, T-bet). Consequently, Gc 

reduces the proliferative and secretory response of T cells which are important to control 

differentiation and survival functions. Gc display lymphocytic properties and T lymphocytes are 

particularly sensitive to Gc-induced apoptosis the mechanisms of which differ depending on 

activation and differentiation state (113). Furthermore, the polarization of T helper subtypes 

towards Th2 and Treg, is favoured over Th1 and Th17 by Gc at high doses which would aid 

inflammatory resolution (5). 

Similarly, Gc downregulate essential genes encoding components of the B cell receptor (BCR) 

complex and associated kinases. A reduction in the functional cross-talk between the BCR and 

TLRs has the consequence of diminishing B cell responses and antibody secretion (77). During 

pathogen challenge, such Gc-mediated dampening of the adaptive response would be 
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detrimental. However, in the context of autoimmunity, which is driven by unregulated targeting 

of the adaptive immunity against self-antigens, the broad action of GR to suppress dysregulated 

activation is a fundamental component of Gc therapy.  

During the stages of inflammatory resolution Gc skewing macrophages towards an 

inflammatory-resolving ‘M2’ phenotype to aid the clearance of cell debris and to prevent 

potentiation of immune activation through stimulation of PRRs. Gc also enhance the phagocytic 

capabilities of macrophages involving the transcriptional upregulation of phagocytic receptors 

for example mannose receptor (CD206) and scavenger receptors (CD163), which helps the 

clearance of apoptotic cells (125).   

In dose-dependent contexts in macrophages, cortisol has a potentiating effect upon immune 

stimulation to induce the expression of inflammatory mediators (114) which opposes early views 

of a purely immunosuppressive mechanism (5). Under physiological contexts the Gc response 

must be malleable response to act in the most appropriate manner to restore homeostasis. The 

priming of innate immunity at low doses to first control the insult may be necessary and 

represents the importance of maintaining a fine regulatory balance. This net effect of Gc is to 

initially facilitate the immune response, promote resolution and repair and then terminate the 

inflammatory response to limit tissue damage. 

1.7.1.1 NF-κB 

The NF-κB signalling pathway regulates pro-inflammatory cytokine expression, cellular stress 

responses as well as cell proliferation and is a key target of GR-regulated immunosuppression 

(126). Multiple pathways involved in the acute phase response converge to activate NF-κB which 

regulates of a plethora of inflammatory genes including: cytokines, chemokines, adhesion 

molecules, complement components and their corresponding receptors. Five Rel family 

proteins: p65/RelA, RelB, c-Rel, NF-κB1(p50/p105) and NF-κB2 (p100/p52) co-operate as dimers 

to integrate signals and fine-tune appropriate cellular responses to inflammatory stimuli (127). 

The p50/p65 heterodimer is the most abundant of NK-κB dimers which in the absence of 

inflammatory stimuli are sequestered within the cytosol by inhibitory proteins of the IkB family, 

which conceal the p65 nuclear localisation signal and limits DNA binding capacity (117). 

Activation of TLRs, IL-1ß receptor, or TNF receptor (TNFR) (among others) activates signalling 

kinase pathways which leads to the phosphorylation of IκκB within the IκB kinase (Iκκ) complex 

(128). IκκB phosphorylates IκB, and then subsequent ubiquitination targets IκB for degradation 

by the proteasome.  p50/p65 is released from the inhibitory complex which permits the nuclear 

localisation of the p50/p65 dimer (117) where it can bind DNA with high affinity to promote the 

transcription of pro-inflammatory effectors.  
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The interaction between GR and p65 is central to the fine-tuned regulation of inflammatory 

signalling networks. GR modulates p65 activity at multiple levels of the pathway. Firstly, direct 

interactions between GR and DNA bound p65, inhibits p65 function – the IL-6 promoter provides 

a classic example of this (129). This establishes that p65/GR cross talk interferes with the 

production of a pivotal cytokine which acts across both innate and adaptive systems (130, 131).  

In addition, GR increases the expression of other proteins known to inhibit p65 function. GR 

binding to GRE in the NFKBIA (Iκ-Bα) gene upregulates the inhibitory protein which in turn 

sequesters NF-κB to prevent nuclear entry (116, 132). Gc induces the expression of GILZ which 

physically interacts with p65/p50 and inhibits the nuclear translocation and transcriptional 

activity of NF-κB (118).  The net effect of GR action is to block p65 action on chromatin, and then 

increase levels of p65 inhibitors to sequester p65 in the cytoplasm to terminate p65 signalling. 

1.8 Gc Sensitivity 

Monocytes and lymphocytes both show steroid resistance to similar extent in patients with Gc-

resistant asthma, whereby Gc are unable to suppress cytokine secretion (34). Signalling 

inadequacies of GR are thought to underlie reduced responsiveness including: reduced GR 

expression, decreased affinity of GR for ligand or DNA binding, failure to translocate to the 

nucleus and increased competition for DNA binding with proinflammatory transcription factors 

(28). Disease-related factors within the micro-environment are in part responsible for disparity 

in Gc sensitivity (18). Within the pro-inflammatory milieu both cytokines and oxidative stress 

have been implicated in limiting Gc responses. IL-2, IL-4, IL-13, which are elevated within the 

asthmatic airways, reduce GR activity and nuclear translocation (12, 13). Consequently, a failure 

to respond to therapeutic Gc may result in tissue damage due to unresolved inflammation.  

1.8.1 Cell Geometry 

Cells integrate biochemical and physical signals to control cell processes. The volume and 

geometric orientation of a cell is imposed by both cell-matrix and cell-cell interactions such as 

substrate rigidity, compression and frequency of cell-cell contacts (133). These factors alone can 

modulate cell fate: proliferation, survival, and differentiation whilst also influencing genomic 

integrity and the epigenetic state of a cell (133-137). Mechano-transduction describes the way 

in which cells transform these extracellular spatial cues into intracellular signals to direct cellular 

responses. The cytoskeleton network is composed of filamentous proteins; microtubules, actin 

and intermediate filaments which provide mechanical support, internal organisation 

intracellular transport system, and is also crucial for the perception and translation of dynamic 

physical signals from the microenvironment to the nucleus. Furthermore, the actin cytoskeleton 

is physically connected to nucleoskeleton and through the transmission of mechanical forces, 
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can modulate the morphological properties of the nucleus (136-139). The actin cytoskeleton 

therefore underpins the ability of a cell to respond and adapt to external signals.  

Studies utilising adhesive micropatterns have allowed the comparison of cell shape, size, aspect 

ratio and volume to assess how geometry can influence the properties and behaviour of single 

cells. Cells attach to the matrix via focal adhesions however, the frequency and distribution 

differs between geometries (137-139). Anisotropic/polarised cells attach to underlying 

substrate through mature focal adhesions at the cell extremity; the total number increases in 

proportion with degree of elongation (139). This generates local tensile stress and initiates 

mechanotransducive feedback through activation of Ca2+ signalling and Rho-Rock pathway 

resulting in stiffening of the actin filament network. In contrast, cells with a circular geometry 

have an even distribution of focal adhesions around the periphery of the basal membrane, which 

translates to low cytoskeletal tension and contractility. Short actin filaments are organised into 

mesh-like structures in isotropic cells unlike the long stress fibres formed along the long axis in 

cells with elongated geometry (137).  The formation of stress fibres correlates to the level of 

phosphorylated myosin light chain (pMLC), a marker for contractility and cytoskeletal tension, 

and is greater in anisotropic cells.  

The nuclear volume is directly correlated with cell volume - it follows that cells with a greater 

volume is reflected by larger nuclear volume (138). Nuclear morphology and deformability is 

influenced by geometry which is governed by actin cytoskeletal contractility while intermediate 

filaments provide mechanical integrity for nuclear stability (139). Constrained isotropic cells 

have a more deformable nucleus due to geometry-induced downregulation of nuclear envelope 

components Lamin A/C. Accordingly, stretched cells exhibit enlarged ellipsoidal nuclei, 

orientated with the long axis, as the result of flattening by lateral compressive forces exerted by 

apical stress fibres and have a stiffer nuclear envelope due to increased levels of Lamin A/C (133, 

136, 137, 140). These geometry-associated differences in nuclear morphology also influence the 

organisation of underlying chromatin.  

Cell spreading is generally associated with decondensed, more transcriptionally active 

chromatin; therefore, the spatial density of chromatin is higher in confined cells with smaller 

nuclear volume in comparison to larger more elongated cells (141, 142). However, this may 

depend on the extent of elongation and cytoskeletal tension. Versaeval et.al. reported that 

elongated endothelial cells, displayed an ellipsoidal nucleus but reduced nuclear volume and 

more compacted chromatin (139). This contrasts other studies where stretched cells with 

ellipsoidal nuclei have a larger nuclear volume with less compact chromatin, yet suggests nuclear 

volume is a strong determinant of the extent of chromatin compaction. Compressive force 
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reversibly increases the amount of transcriptionally inactive heterochromatin, regardless of the 

initial geometry of the cell (133).  

In addition to changes in observable cell features, geometry can induce a shift in the global gene 

expression profile. As is normally the case, chromatin compaction is accompanied by a reduction 

in cell proliferation and of transcription initiation measured by pSer5 of RNA pol II and large scale 

down regulation in gene expression (133, 143). However, compaction of chromatin cannot fully 

explain how transcriptional profiles change in a geometry specific manner particularly when 

genes are upregulated (141, 144).  

Variations in the shuttling dynamics of chromatin modifiers, transcription factors and co-factors 

are also induced by geometry.  Physical signals are known to change localisation of 

mechanosensitive transcription factors such as yes-associated protein (YAP) and transcriptional 

coactivator with PDZ-binding motif (TAZ) which detect ECM rigidity through cytoskeletal tension 

and accordingly alter genomic transcription (145). A growing body of evidence indicates that a 

cell’s mechanical state and actin dynamics can affect the cellular localisation of other 

transcription factors.  

Myocardin-related transcription factor (MRTF-A) is sensitive to changes in the ratio of F/G-actin.  

MRTF-A binds to G-actin in the cytoplasm and during actin polymerisation is released, permitting 

its movement into the nucleus. MRTF-A acts as a co-factor and in conjunction with serum-

response factor (SRF) regulates the expression of actin-related genes. The transcriptional activity 

of MRTF-A is differentially regulated based on cell size as larger cell size results in increased 

MRTF-A nuclear motility and the upregulation of target genes (144). The converse effect on 

localisation and gene expression is observed in cells under compressive force which induced 

actin depolymerisation(133).  

 Histone deacetylase 3 (HDAC-3)-dependent compaction of chromatin has been shown in 

response to altered geometry. As shown by studies using chemical disruptors of the 

cytoskeleton have demonstrated that the nuclear accumulation of HDAC3 is a direct result of a 

global decrease actomyosin contractility (138, 144). Equally, an increase in histone marks 

associated with heterochromatin (H3K9me3 and H3K27me3) induced by compressive force was 

inhibited by HDAC3 knockdown. Inside the nucleus HDAC3 removes acetylation on histone tails 

which then allows for repressive methylation (133). Higher levels of AcH3K9 (histone H3 

acetylated at lysine 9) in cells with a larger cell area correlates to decreased levels of nuclear 

HDAC3 and more permissive chromatin. Whereas, increased levels of nuclear histone 

deacetylase 3 (HDAC3) in cells adopting a rounded morphology or facilitates chromatin 

compaction and a shift in the global gene expression profile (144). Levels of histone acetylation 

dictates the chromatin landscape, chromatin accessibility and therefore sites of active 
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transcription are also regulated by cell geometry in this manner (141, 144, 146). This implicates 

mechanical inputs in the regulation of chromatin accessibility in addition to the transport 

dynamics and compartmentalisation of transcription factors.  

HDAC3 is important for inflammatory gene expression in macrophages (147, 148) Iκ-B⍺ 

sequesters HDAC3 in the cytoplasm, which is released upon degradation by either TNF-⍺ signals 

(149) or inhibition of actinomyosin contractility (144). Higher p65 nuclear localisation and 

transcriptional activity is also observed under these morphological conditions and is likely due 

to the degradation of the shared inhibitory molecule.  

1.8.1.1 Influence on inflammatory signalling 

Steady state NF-κB nuclear shuttling is known to be influenced by morphologic cell features such 

as nuclear area and number of contacts with neighbouring cells. One study reported that in 

response to TNF-⍺ stimulation the nuclear: cytoplasmic ratio of NF-κB varied considerably 

between cell types which could be correlated with their morphological properties (150).  

Nuclear translocation of active p65 in response to stimuli occurs more quickly and to a greater 

maximum level in cells plated on circle micropattern compared to stretched cells. This may be 

explained by higher resting levels of phosphorylated IKKb. (134). Comparable observations 

regarding NF-κB localisation have been shown by chemically induced actin depolymerisation or 

disruption of myosin II ATPase which prevents actin contractibility (150), which further support 

findings that both simulated and the basal shuttling activity of NF-κB are differentially influenced 

by the cytoskeleton. Overexpression of Lamin A/C in macrophages enhanced p65 nuclear 

translocation through a reduction in Iκ-B⍺ levels, even in absence of activating stimuli (151).  

In stretched compared to spherical fibroblasts, TNF-⍺ elicited differential gene expression 

responses (134). Considering also that LPS and TNF-⍺, both upstream activators of NF- κB, induce 

cytoskeletal reorganisation (152), this finding is important as it implies for the same cell type, 

physical factors can shift the genomic response to cytokine signals and chemical signals can alter 

the physical state on the cell. In macrophages shape-induced polarisation was observed; where 

a stretched morphology enhanced skewing towards M2 phenotype and a reduced their 

response to activating stimuli such as LPS and IFN-γ (153).  

This spatial element is likely to be fundamentally relevant in modulating cellular responses of 

immune cells to inflammatory stimuli in vivo. Whilst surveying the tissues and migrating, cells 

are subject to 3-dimensional, cellular distortion from the compressive pressures of the dense 

extracellular matrix network and from adjacent cells during trans-endothelial cell migration 

(154). Therefore, the morphology of an immune cell circulating in the bloodstream differs 

greatly from that of cells migrating within tissues or interacting with other immune cells (155). 
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Macrophages display diverse geometries in vivo and respond to adhesive cues which can 

modulate their phenotype (153). Considering p65 activity is potentially increased in larger, 

stretched cells, this suggests that at sites of inflammation, cells may become pro-inflammatory 

in the absence of appropriate signals.  

Analysing the crosstalk between p65 and GR - two well characterised transcription factors in a 

key target cell – macrophages provides the perfect model to explore role of cell geometry in 

modulating immune responses. 

1.9 High-throughput methodologies  

High-throughput -omics approaches are unparalleled hypothesis generating tools. Such 

approaches are unbiased and aim to characterise the complete molecular or genetic profile of a 

cell. The combination of -omics approaches provides large-scale analysis of multiple aspects of 

cell biology.    

1.9.1 Proteomics 

Proteomics describes methods which characterise the proteome; which is defined as the overall 

set of proteins present within a cell or tissue. Such methods can provide in-depth identification 

of protein structure, function, interactions and post-translational modifications at a given time. 

Early proteomic approaches such as two-dimensional polyacrylamide gel electrophoresis (2D 

PAGE), involve first separating proteins in one dimension according to their isoelectric point, 

followed by their molecular mass in the second dimension. This technique is capable of resolving 

hundreds of proteins however, this falls short of the thousands of proteins comprising the 

proteome and such gel-based approaches are laborious, time-consuming and can lack 

reproducibility (156). 

Mass spectrometry (MS) is an important tool for high-throughput protein identification and 

quantification, which determines the molecular weight of a protein by measuring the mass to 

charge ratio (m/z) (157).  The two main approaches for proteomics differ based on their sample 

preparation method. The top-down approach analyses whole intact proteins by MS and useful 

for functional proteomics particularly the analysis of PTMs. This method determines the intact 

mass of proteoforms and can resolve the modifications present across the whole protein length. 

However, the number of analysed conditions is limited as it can be difficult to separate complex 

mixtures.  

For bottom up proteomics, proteins are first enzymatically digested then resultant peptides are 

analysed by MS. This results in more efficient peptide fragmentation. The mass measurement 

and peptide fragments are used to identify the peptide sequence while the intensity of the mass 
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aids quantification.  Label-free quantification methods allow for the analysis of a greater number 

of samples however, this method has lower sensitivity compared to labelling methods and each 

sample is analysed individually which can introduce variability (158). 

Label-based quantification involves comparing the ion abundance ratios of metabolically or 

chemically labelled isotopes. Stable-isotype labelling with amino acids in cell culture (SILAC) is a 

quantitative proteomic metabolic labelling method. The whole cellular proteome is labelled by 

incorporating heavy or light amino acids (generally 13C- or 15N-labeled Arg or Lys ) into the cell 

growth medium. Differently labelled samples are treated with the experimental perturbation 

and are mixed following cell lysis which reduces sampling handling variability. The relative 

quantification between heavy and light-labelled peptides is detected due to the shift in mass 

from the isotopic labelling (158). Prior to MS analysis, samples can undergo an enrichment step 

to select phosphopeptides for phosphoproteomic analysis.  A dynamic tool which is provides 

further depth functional state of the proteome and is useful to identify signal transduction 

pathways and cellular processes.  

1.9.2 Transcriptomics 

Transcriptomics defines the characterisation of complete set of RNA transcripts present within 

the cell or tissue - this can include mRNA, tRNA, non-coding RNA and small RNAs. High-

throughput methods identify the complete set of genes which are being actively transcribed 

with the main goal to compare differentially expressed transcripts between different 

experimental conditions or cell populations.  This functional approach to defining the expression 

of transcripts can also be extended to analyse splicing patterns and identify the 5’ and 3’ regions 

of gene ends. 

The microarray technology enables the simultaneous identification of thousands mRNA 

transcripts. The hybridisation of fluorescently labelled cDNA transcripts to complementary 

nucleotide oligomers (probes) on a microchip. The transcript abundance for each probe 

sequence is indicated by fluorescent intensity.  The major limitation of microarrays is that probes 

on the chip contains only known sequences and is therefore constrained to detect a specified 

set of genes. High-background due to cross-hybridisation can also affect sensitivity and make 

detection of low abundance transcripts difficult (159).   

RNA-sequencing (RNA-seq) was developed with the introduction of next generation sequencing 

(NGS) and is a highly parallel sequencing technique which provides whole transcriptome 

analysis. To achieve this, RNA is fragmented then converted to generate a cDNA library with 

ligated sequencing adaptor molecules (at one or both ends). The library is then sequenced and 

reads must then be aligned to a reference genome to determine which genomic regions were 
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being transcribed. In comparison to microarray methods, RNA-seq has a higher specificity and 

sensitivity particularly for genes with low expression. The sensitivity of an RNA-seq experiment 

can be increased for example by increasing the sequencing depth or performing prior 

enrichment for example of mRNA molecules using oligonucleotides binding to poly-A-tails. 

Sequencing of transcripts can be performed in one direction or both directions (single or paired 

end) and the most appropriate may depend on the biological question. Single-end is quicker and 

cheaper and sufficient for differential gene expression studies whereas paired-end sequencing 

provides more robust alignment to the genome and is useful for more in-depth applications such 

as isoform identification. RNA-seq has the advantage of also possessing the capability of 

identifying novel and non-coding transcripts as well as single nucleotide variants.  

One of the remaining challenges of RNA-seq is the complex data analysis and standardisation. 

Differences in transcript lengths can result in gene-length/ fragmentation bias when comparing 

the expression of genes of different lengths and should be considered in data-analysis pipelines. 

This arises because the mRNA are fragmented and long transcripts will have more fragments in 

comparison to an shorter gene that is equally expressed (160). This issue is avoided with 3’RNA 

sequencing which reverse transcribes mRNAs from the 3’ end prior to fragmentation. This 

method generates only one cDNA copy for each transcript which reduces gene length bias and 

reflects the true transcript abundance for each gene. 
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1.10 Hypothesis and Aims 

This work aims to assess the genomic and non-genomic cellular response to Gc and the role of 

factors which modify GR action. The findings of this work will provide insight into the signalling 

activities of GR to further understanding and inform of how therapeutic Gc function in vivo.  

The following hypotheses of the study shall be addressed by the following aims and objectives: 

Chapter 3. Rapid targets of GR activation 

Hypothesis 1: The rapid cellular effects of GR signalling action will differ depending on the 

activating ligand which will engage alternate kinases and downstream pathways.   

Aim 1: To better define the rapid targets of GR activation in order to understand the spectrum 

of non-genomic signalling by GR.  

Objectives:  

- Use SILAC phosphoproteomic data to identify proteins which are differentially 

phosphorylated following GR activation.  

- Determine the function of GR regulated phosphoproteins using functional ontology 

analysis and identify key pathways which are initially engaged following Gc exposure.  

- Better understand the involvement of identified GPCRs in the rapid Gc signalling and 

determine whether the GPCRs are directly activated by Gc.  

 

Chapter 4: Nuclear signals and the role of CDK12 and CDK13 in GR-regulated transcription 

Hypothesis 2: CDK12 and CDK13 are involved in the expression of GR-regulated genes.   

Aim 2: To understand the effects of Dex on CDK activity, downstream activation of RNA 

polymerase II and the consequences on Gc-regulated transcription.  

Objectives: 

- Assess the effect of acute Dex treatment upon the phosphorylation status of RNA 

polymerase II and measure the effect pharmacologically inhibiting CDK12 and CDK13.  

- Define the role of CDK12 and CDK13 upon Gc responsive genes in addition to GR 

translocation.   

- Perform RNA sequencing to identify Gc-regulated genes affected by CDK12 and CDK13 

inhibition 

- Evaluate the differentially regulated genes and use motif analysis to identify potential 

transcriptional regulators. 
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Chapter 5: Cell-matrix interactions and the effect upon transcription factor dynamics 

Hypothesis 3. Different cell geometry will affect the nuclear translocation of GR  

Aim 3. Develop a model system to investigate the effect of cell geometry upon the nuclear 

localisation of GR and NF-κB transcription factors   

Objectives: 

- Characterise Gc sensitivity in monocytic cell lines and establish a method to differentiate 

into macrophages.   

- Utilise matrix-coated micropatterns to model the effects of cell geometry and measure 

cell features to compare: 

o Polarised vs non-polarised substrates 

o Cell shape, area size, aspect ratio. 

- Investigate the effect of cell geometry upon GR & p65 transcription factor subcellular 

shuttling  
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Chapter 2: Methods  

2.1 Materials 

Dexamethasone: (D4902, Sigma) 20mM stock solution was prepared in dimethyl sulfoxide 

(DMSO; D5879, Honeywell) and diluted to working concentration of 100nM in complete 

medium.  

17β-Oestradiol: (E1024, Sigma) 20mM stock solution was prepared in DMSO and diluted to 

working concentration of 1nM or 10nM in complete medium. 

CDK inhibitors: Flavopiridol (FVP) (26024, Cayman Chemical) and THZ531 (26386, Cayman 

Chemical) were reconstituted in DMSO purged with N2 gas, as recommended by the 

manufacturer. Aliquots were stored at -80°C for no longer than 1 month. For treatments, 

inhibitors were diluted in cell medium to the desired working concentration (50, 500nM).    

Phorbol-12-myristate-13-acetate (PMA): (CAS 16561-29-8, Santa-Cruz Biotechnology) 100 µM 

stock solution was prepared in DMSO and diluted to a working concentration (5-100ng/ml) in 

complete medium.  

Lipopolysaccharide (LPS): (Ecoli O111:B4, Millipore) used at a final concentration of 10ng/ml.  

Cytokines: Recombinant human TNF-⍺ 10ng/ml (PHC3015, ThermoFisher Scientific). 

Recombinant human IFN-γ 20ng/ml (300-02, Peprotech), Recombinant human IL-4 20ng/ml 

(200-04, Peprotech). Reconstituted with ddH20 containing 0.1% bovine serum albumin (BSA). 

Stored -80°C as instructed by the manufacturer.  

Antibodies: Complete list of primary and secondary antibodies used in the study are detailed in 

Table 2.1 and Table 2.2. 
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Table 2.1 Primary antibodies used during this study.  

Application in immunofluorescence (IF) or western blot (WB). CST: Cell Signalling Technologies. 

Target Species Clone Dilution Technique Catalogue # Company 

NR3C1 (GR) Rabbit Polyclonal 1:200 IF HPA004248 Atlas Antibodies 

NF-κB/p65 Mouse L8F8 1:500 IF 6956 CST 

P65 Rabbit C22B4 1:100 IF 4764 CST 

⍺-Tubulin Mouse DM1A 1:500 IF 3873 CST 

Anti-Flag Mouse M2 
 

1:2000 IF F3165 Sigma 

GR Rabbit Polyclonal 1:1000 WB L12703-TP1 ProteinTech 

pSer211 GR Rabbit Polyclonal 1:1000 WB SAB4503820 
Sigma-Prestige 

Antibodies 

Phospho-Rpb1 CTD 

(Ser2) 

Rabbit 

IgG 
E1Z3G 1:1000 WB 13499 CST 

Phospho-Rpb1 CTD 

(Ser5) 

Rabbit 

IgG 
D9N5I 1:1000 WB 13523 CST 

Phospho-Rpb1 CTD 

(Ser2/Ser5) 

Rabbit 

IgG 
D1G3K 1:1000 WB 13546 CST 

Phospho-Rpb1 CTD 

(Ser7) 

Rabbit 

IgG 
E2V6W 1:1000 WB 13780 CST 

Rpb1 NTD 
Rabbit 

IgG 
D8L4Y 1:1000 WB 14958 CST 

GPR123 Rabbit Polyclonal 1:1000 WB/IF PA5-75823 Invitrogen 

GPR126 Rabbit Polyclonal 1:1000 WB/IF PA5-78542 Invitrogen 

GPR126 Rabbit Polyclonal 1:1000 WB/IF 17774-1-AP ProteinTech 

CD97 Rabbit Polyclonal 1:1000 WB/IF 13071-1-AP ProteinTech 

Phospho-PKA 

substrate 
Rabbit 100G7E 1:1000 WB 9624 CST 

Phospho-PKC 

substrate 
Rabbit 

MultiMab 

mix 
1:1000 WB 6967 CST 

β-actin Mouse AC-15 1:10,000 WB A5441 Sigma 
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Table 2.2 Secondary antibodies used during this study. 

Application in immunofluorescence (IF) or western blot (WB). GAM: goat anti-mouse. DAR: Donkey anti-rabbit.  

Target Species Dilution Technique Catalogue # Company 

Alexa647 Phalloidin - 1:200 IF A22287 
ThermoFisher 

Scientific 

Alexa Fluor488 anti 

Mouse (GAM) 
Goat 2 drops/ ml IF R37120 

ThermoFisher 
Scientific 

Alexa Fluor488 anti-

Rabbit (DAR) 
Donkey 2 drops/ ml IF R37118 

ThermoFisher 
Scientific 

Alexa Fluor594 anti-

Rabbit (DAR) 
Donkey 2 drops/ ml IF R37119 

ThermoFisher 
Scientific 

Anti-Rabbit IgG -HRP Donkey 1:5000 WB NA934V GE Healthcare 

Anti-mouse IgG -HRP Sheep 1:5000 WB NA93IV GE Healthcare 

 

2.2 Cell Culture  

2.2.1 Cell Passage 

The routine passage of adherent cell cultures, all reagents are outlined in Table 2.3. Briefly, cells 

were washed with DPBS and incubated until detached with appropriate volume of 1x Trypsin-

EDTA solution to cover the cells. Appropriate media containing serum was added to neutralise 

the trypsin and cell suspensions were pelleted by centrifugation (300xg, 5 minutes). Cells were 

resuspended in complete media and split as appropriate into 75cm2 or 150cm2 flasks or counted 

and seeded at the appropriate density into plates for experiments. Cell lines used and their 

conditions are detailed in Table 2.4.  

The human lung epithelial, adenocarcinoma-derived cell line A549 was sub-cultured by 

trypsinisation when cells reached between 60-90% confluency.    

HTLA cells: human embryonic kidney HEK293T cells which stably express tTA-dependent 

luciferase reporter and β-arrestin2-TEV fusion gene were a gift from the laboratory of Bryan L 

Roth (109).  Cells were maintained as described for A549. For luciferase experiments, cells were 

transferred into phenol-red free basal media supplemented with: 10% CSS, 1% Sodium pyruvate 

and selective antibiotics (as Table 2.4).  



 

 41 

Table 2.3 List of reagents used for cell culture 

Reagent Catalogue # Supplier 

10x Trypsin-EDTA solution T4174 Sigma 

Charcoal stripped serum (CSS) 12676029 Gibco 

Accutase solution A1110501 Gibco 

Dimethyl sulfoxide (DMSO) D5879 Honeywell 

Dulbecco’s Modified Eagle Medium (DMEM); high glucose (4500mg/ml) 

with L-glutamine, sodium pyruvate, sodium bicarbonate 

D6429 Sigma 

DMEM; high glucose with L-glutamine, HEPES. No phenol red.  21063029 ThermoFisher 

DMEM/Nutrient Mixture F12 Ham (DMEM/F12) D8437 Sigma 

Dulbecco’s phosphate buffered saline (DPBS) D8662 Sigma 

DPBS without Ca2+ and Mg2+ D8537 Sigma 

GlutaMax 35050-038 ThermoFisher 

Heat inactivated FBS (HI-FBS)  10500064 Gibco 

Recombinant Human insulin RP10935 ThermoFisher 

Hygromycin B H007 TOKU-E 

Hydrocortisone H0888 Sigma 

Non-essential amino acids (NEAA) 1mM 11140035 ThermoFisher 

Penicillin /Streptomycin P0781 Sigma 

Puromycin P025 TOKU-E 

RPMI-1640 medium with L-glutamine and sodium bicarbonate  R8758 Sigma 

Sodium pyruvate (100mM) 11360039 ThermoFisher 

Trypan blue T8154 Sigma 

Wiliams E medium A12176-01 Invitrogen 

The promyeloblast HL-60, monocytic THP-1 and monocytic U-937 suspension cell lines were 

cultured in complete medium in 25 cm2 or 75cm2 flasks.  The suspension cell density was 

maintained between (0.2 x 105 - 1 x 106 cells/ml) by passage and addition of fresh growth media 

every 3 days.   

For the semi-adherent murine macrophage cell lines, J774A.1 and RAW264.7 subcultures were 

passaged by gently scraping culture vessels with a cell scraper to dislodge cells. The cell 

suspension was then centrifuged and split into new culture vessels with fresh medium at a ratio 

of 1:3 to 1:10.  

All cells were maintained at 37°C in a 5% CO2 humidified atmosphere.  
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Table 2.4 Overview of cell lines used and their culture conditions. 

HI-FCS: Heat inactivated Foetal bovine serum. NEAA: Non-essential amino acids. ATCC: American type culture collection.  
ECACC: European collection of authenticated cell cultures.  

Cell Line 
Basal 

media 
Supplements Species Description 

Catalogue 

# 
Supplier 

A549 DMEM 10% HI-FBS Human Lung epithelial, 

adenocarcinoma 

CCL-185 ATCC 

HEK293T DMEM 10% HI-FBS Human Embryonic Kidney CRL-1573 

 

ATCC 

Caco2 DMEM 10% HI-FBS Human Colorectal 

adenocarcinoma 

 

HTB-37 

 

ATCC 

HUH7 DMEM 10% HI-FBS Human Hepatocellular 

carcinoma 

01042712 ECACC 

HepaRG Williams E 

medium 

10% HI-FBS, 

1% GlutaMax, 

5 µg/ml 

insulin, 

50 µM 

hydrocortisone 

Human Hepatocyte, 

Hepatocarcinoma 

HEPRGC10 ThermoFisher 

M059K DMEM/F12 

(1:1) 

10% HI-FBS, 

1% Sodium 

pyruvate, 

1% NEAA 

Human Glial Cell, Glioblastoma CRL-2365 ATCC 

MCF-7 RPMI-1640 10% HI-FBS Human Mammary epithelial 

cells. Breast 

adenocarinoma 

HTB-22 ATCC 

PA-1 DMEM 10% HI-FBS Human Ovarian 

teratocarcinoma 

 

90013101 ECACC 

THP-1 RPMI-1640 10% HI-FBS Human Monocytic TIB-202 ATCC 

HTLA 

HEK-293T 

 

DMEM 10% FCS 

100U/ml Pen/ 

Strep, 2µg/ml 

Puromycin, 

100µg/ml 

Hygromycin B 

Human Embryonic Kidney; 

stably expressing tTA-

dependent luciferase 

reporter and β-

arrestin2-TEV fusion 

gene 

N/A Gift from the 

laboratory of 

Bryan L Roth 

(109) 

HL-60 RPMI-1640 10% HI-FBS Human Lymphoblast CCL-240 ATCC 

U-937 RPMI-1640 10% HI-FBS Human Pro-monocytic CRL-

1593.2 

ATCC 

J774A.1 DMEM 10% HI-FBS Mouse Monocyte/macrophage TIB-67 ATCC 

RAW264.7 DMEM 10% HI-FBS Mouse Macrophage TIB-71 ATCC 
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2.2.2 Cryopreservation and recovery of cells 

For long term preservation, cells were stored in the vapour phase of liquid nitrogen. Cells were 

collected and centrifuged (300xg for 5 minutes), the cell pellet was then resuspended in base 

media with 10% dimethyl sulfoxide (DMSO; D5879, Honeywell). Approximately, 2x106 cells/ml 

were transferred to 1ml cryotube which were cooled at -80°C in a Mr frosty container 

(10110051, Thermo Scientific) using 100% isopropanol.  

For recovery, cryotubes were warmed in a water bath at 37°C. Cells were diluted with warmed-

medium and centrifuged to remove DMSO then added to culture flask (25 cm2 / 75cm2 flask 

depending on recovered cell concentration with complete medium. After 24 hours fresh media 

was added and subsequently cultured as appropriate. 

2.3 Steroid treatment  

Cells were transferred into steroid depleted media (base media supplemented with 10% 

charcoal dextran-stripped serum (CSS) (12676029, Gibco) overnight prior to treatment with Dex. 

Cells were treated with a final concentration of 100nM Dex for either 1 or 4 hours, dependent 

on the endpoint measure (1 hour for GR phosphorylation or translocation, and 4 hours to 

measure transcriptional responses).  

2.4 CDK Inhibition   

A549 cells seeded at a concentration of 1x105 cells/ml, were pre-treated, for 30 minutes, with 

50nM or 500nM of CDK inhibitors, Flavopiridol (FVP) (broad acting) or THZ531 (CDK12, CDK13 

specific).  For gene expression analysis, cells were then treated with 100nM Dex for 4 hours. In 

the presence of inflammation, inhibitor pre-treatment was followed by 10ng/ml TNF-⍺ for 60 

minutes prior to addition of 100nMDex for 4 hours. Cells were lysed with RLT buffer to extract 

RNA for assessment of gene expression (described below).  

For analysis of phosphoproteins, A549 cells were seeded at 2x105 cells/ml pre-treated as above. 

Cells treated with 100nM Dex over time course (0,5,10,15,30 or 60 minutes exposure) and lysed 

with RIPA buffer for immunoblot. 

2.5 Cell differentiation 

2.5.1 Macrophage differentiation 

Three human cell lines were selected due to their capacity to be differentiated into macrophage-

like cells (161, 162). HL-60, U-937 and THP-1 cells were seeded at an equal density of 5 x 105 

cells/ml in 6 well plates and differentiated using PMA (varying concentrations 5-100 ng/ml) for 
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48 hours; concentration based on previous literature (163). Differentiated cells were rested for 

a further 48 hours in PMA free media. During the course of differentiation, cells were visualised 

and images captured using EVOS Cell Imaging System (ThermoFisher Scientific). The efficiency 

of differentiation was quantified by cell counting of attached and unattached cells. Supernatants 

were collected and the wells were washed with PBS and combined with the supernatant. The 

unattached (supernatant) cells were centrifuged and resuspended in 1ml media and counted by 

trypan-blue exclusion to determine cell number and viability. Adherent cells were detached by 

incubating with pre-warmed accutase detachment solution for 20 minutes which was then 

quenched with growth media containing serum and then removed by gentle scraping. The 

extent of differentiation was calculated as the percentage of adherent cells out of the total cells 

counted. 

2.5.2 M1 and M2 phenotype 

THP-1 cells were seeded at an equal density of 5 x 105 cells/ml in 6 well plates and differentiated 

using PMA (25 ng/ml) for 48 hours. Differentiated cells were rested for a further 72 hours in 

PMA free media then cells were treated for 48 hours with cytokines. M1 phenotype: 10ng/ml 

LPS, 20 ng/ml IFN-γ or M2 phenotype: 20 ng/ml IL-4.  

2.6 Manipulation of cell geometry 

Activated CYTOOchip Starter A micropattern chips were coated for 2 hours with (20µg/ml) 

fibronectin (from bovine plasma) F11341, Sigma) diluted in PBS (without Ca2+ and Mg2+). 

Micropattern chips were thoroughly washed with PBS immediately and prior to cell seeding. 

Micropattern chips containing only crossbow patterns and custom ‘HUMEN’ micropattern chips 

purchased from CYTOOchipTM were precoated with fluorescent 650nm fibronectin.  

Cells were detached by the appropriate method, centrifuged, thoroughly resuspended to 

individualise then strained to remove clumped cells and counted and then seeded at the 

recommended density of 15,000 cells/ml and visualised hourly to determine optimal spreading 

time. Once sufficient spreading was observed, cells were fixed by adding an equal volume of 8% 

PFA directly to the culture medium (final concentration 4%) for 15 minutes as instructed by the 

manufacturer. The chips were then washed by sequential removal and addition of PBS as to 

dilute the PFA and ensure the chip was not exposed and able to become dry. Subsequent 

immunostaining was then performed as described below.  

 

 



 

 45 

2.7 Transfection 

2.7.1 Plasmid Purification 

Table 2.5. PRESTO-TANGO plasmids used in the study.  

All were obtained from Addgene.com in bacteria as an agar stab and were a gift from Bryan Roth (109) 

Plasmid 
# 

Plasmid Antibiotic 
resistance 

Growing 
temp (℃) 

Reference 

66311 GPR123 Ampicillin 37 http://n2t.net/addgene:66311;RRID:Addgene_66311 

66314 GPR126 Ampicillin 37 http://n2t.net/addgene:66314;RRID:Addgene_66314 

66247 CD97 Ampicillin 37 http://n2t.net/addgene:66247; RRID:Addgene_66247 

66299 GPER Ampicillin 37 http://n2t.net/addgene:66299; RRID:Addgene_66299 

 

Plasmids used are detailed in Table 2.5. Bacteria were streaked onto LB agar plates containing 

100 mg/ml ampicillin (J60977.06, VWR) and cultured overnight at 37℃. Single bacterial colonies 

were selected and transferred into starter cultures in 5ml 2% LB, containing 100 mg/ml 

ampicillin and incubated overnight on shaker at 37℃. Cultures used for mini-prep using Qiagen 

Plasmid mini-kit (12123) as per manufacturers protocol or transferred to larger culture 200ml 

LB broth for further culture overnight at 37℃. Maxi-prep of plasmid DNA was then performed 

using Qiagen Plasmid maxi-kit (12362) according to the manufacturer’s instructions.  

2.7.2 siRNA Knock Down 

Small interfering RNA (siRNA) transfections were performed using LipofectamineTM RNAiMAX 

transfection reagent (13778150, ThermoFisher Scientific) following the manufacturer’s guide. 

Briefly Lipofectamine was diluted in serum-free RPMI 1640 media. siRNA was diluted separately 

in RPMI 1640 and then added to lipofectamine reagent at a 1:1 ratio. The siRNA-lipid complex 

was incubated for 15 minutes at room temperature and added to cells (final siRNA concentration 

25pmol per well in 6-well plate) and incubated for 48 hours 37°C/5% CO2. 

2.7.2.1 GPCR siRNA knockdown  

Knock down of GPR123/ADGRA1 (GS84435), GPR126/ADGRG6 (GS57211) and CD97/ADGRE5 

(GS976) was performed using Flexitube GeneSolution siRNA (Qiagen), which contains 4 

individual siRNAs for the gene of interest. Scrambled AllStars non-silencing siRNA (SI03650318, 

Qiagen) was used as a negative control. siRNA-lipofectamine mixtures were prepared as 

described above, then added to cells previously plated at density of 1.25 x105 cells /well and 

incubated for 48 hours.  
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2.7.3 Luciferase Assays 

2.7.3.1 TAT3 NRE reporter assay 

A549 cells were transfected in 10cm dishes with 2µg plasmid-DNA containing either TAT3-

TATAluc or NRE-luc and 0.5µg Renilla-luc. Transfections were performed using Fugene-6 reagent 

(E2691, Promega) at a ratio of 3.1 volume/weight ratio with DNA as recommended by the 

manufacturer. Fugene 6 was mixed with serum-free RPMI media for 5 minutes prior to 

incubation with pDNA (premixed) for 20 minutes at room temperature. Transfection mixture 

was applied to cultures for minimum 24 hours at 37°C/5% CO2. Following transfection for 24 

hours transfected cells were collected, centrifuged and resuspended in media containing CSS. 

Cells were then seeded at a denisty of 5x104 cells/well into 24-well plates and allowed to adhere 

for at least 5 hours before treating overnight with increasing concentrations of Dex (1nM -1µM) 

in the presence or absence of 10ng/ml TNF-α (NRE-luc) and 500nM THZ531. Cells were washed 

twice with filtered PBS and lysed with passive lysis buffer (E1910, Promega dual-luciferase 

Reporter system) diluted x5 in filtered dH2O in accordance with the manufacturer’s instructions. 

Lysis was allowed to proceed for 30 minutes at room temperature with gentle rocking. Cell-

lysates were then transferred to white-bottomed 96-well plates and read on citation-5 plate 

reader luminometer. To detect firefly luminescence, 25µl LARII was first dispensed and read 

following a 2-second wait with a 5-second read time. The reaction was quenched and the Renilla 

reaction was initiated by the addition of 25µl Stop and Glo reagent, which was read using the 

same parameters as the previous section. Relative luminescence units were per well were 

obtained by taking the ratio of firefly:renilla luminescence for each well.        

2.7.3.2 Tango Assay 

HTLA HEK-293 cells were transfected with plasmids containing GPR123-TANGO, GPR126-

TANGO, CD97-TANGO, GPER-TANGO or TAT3 at three different concentrations (400ng, 800ng, 

1200ng) of pDNA to determine the best efficiency. Fugene-6 reagent was mixed with serum-free 

RPMI media for 5 minutes prior to incubation with pDNA for 20 minutes at room temperature. 

Transfection mixes were added to cells for 48 hours. Cells were then trypsinised, counted and 

transferred into phenol-free media containing CSS. Cells were seeded at a density of 2x104 

cells/well into poly-l-lysine coated white-bottomed 96-well plate. Following attachment for 5 

hours, cells were treated with varying concentrations (10nM, 100nM, 1 µM) of Dex, (1nm or 

10nM) β-oestradiol (GPER only) diluted in phenol-free CSS media, overnight for a minimum of 

18 hours. Media was then aspirated and replaced by 50µl Bright-Glo luciferase assay system 

reagent (E2610, Promega) solution diluted x20 in sterile ddH20. Luminescence was then 

measured using Citation 5 plate reader (BioTek instruments) following 2-second wait and with 
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5-second read time. Data were normalised to the percentage surviving fraction as quantified by 

MTT assay (described below).   

2.7.4 MTT Assay 

Plates for MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assay were 

seeded with HTLA cells transfected with TANGO-plasmids in parallel the white-96-well plates 

and treated as previously described. Following 18 hours incubation, a final concentration of 

0.5mg/ml MTT reagent (cat. no. 6494, Thermo Fisher) was added to each well for 4 hours. After 

which the media was removed and the formazan solubilised with the addition of 100µl DMSO 

to each well. The optical density was measured at a wavelength of 540nm following 5 second 

shake time, using multiskan MCC 355 microplate reader (Thermo Fisher).  The percentage 

surviving fraction was determined by subtracting the blank values and normalising to the optical 

density of untreated cells.  

2.8 Western Blotting 

2.8.1 Protein extraction  

Adherent cultures were washed twice with PBS at 4°C, lysed with RIPA buffer (50nM Tris-HCl pH 

7.4, 1% NP40 (lgepal), 0.25% Na-deoxycholate, 150 nM NaCl, 1mM EDTA) containing protease 

inhibitor cocktail set III (Merk) and phosphatase inhibitor cocktail 2&3 (Sigma) and collected by 

scraping. Treated cell suspensions were collected and centrifuged at 300g for 5 min at 4°C, 

washed with PBS at 4°C and lysed in RIPA buffer. Whole-cell lysates were cleared by 

centrifugation at 12,000 x g at 4°C for 20 minutes and the supernatants were retained for protein 

quantification by bicinochoninic acid (BCA) assay (23227, ThermoFisher Scientific) according to 

the manufacturer’s instructions. Briefly 10µl of each sample were added in triplicate to a 96-well 

plate, alongside known bovine serum albumin (BSA) standards diluted in RIPA buffer. 200µl 

prepared working reagent was added to each well and incubated for 30 minutes at 37°C. The 

colorimetric change was measured by absorbance read at wavelength of 540nM using a 

multiskan MCC 355 microplate reader. The concentration of protein samples was determined 

from the standard curve generated from known BSA standards. Proteins lysates were made up 

to a standard final concentration (0.5-1 µg/ml) in PBS and SDS loading dye (250nM TrisHCl, 10% 

SDS, 30% glycerol, 5% β-mecaptoethanol. 0.02% bromophenol blue) and were then boiled at 

95°C for 5 minutes. Samples were stored at -20°C until required.  
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2.8.2 Gel electrophoresis 

5µg-15µg of protein were subject to electrophoresis on (4-15%) pre-cast Mini-PROTEAN TGX 

polyacrylamide gels (Bio-rad Laboratories) at 30V followed by wet transfer to 0.45 µm 

nitrocellulose membrane (GE Healthcare) overnight at 4°C.  Membranes were then blocked for 

6 hours at room temperature in block buffer (0.15M NaCl, 1% skimmed milk powder, 0.1% 

Tween-20) and incubated with primary antibodies (diluted in block buffer) overnight at 4°C with 

agitation. Membranes were then washed (3x10 minutes) in wash buffer (88mM Tris pH7.8, 

0.25% skimmed milk powder, 0.1% Tween-20) and incubated with species-specific horseradish 

peroxidase-conjugated secondary antibodies - diluted in wash buffer, for one hour at room 

temperature. Following three further washes the enhanced chemiluminescence Super Signal Kit 

(ThermoFisher Scientific) was used to visualise immunoreactive proteins and developed at 

various exposure times using X-ray film.  

2.8.3 Densitometry analysis  

Image J software was used for densitometry quantification. Images were inverted and the 

background subtracted with a rolling ball radius of 50 pixels. Each lane of the blot was marked 

using the Gels tool while the ‘wand tool’ was used to determine the area under the curve for 

each band as a numerical value of band intensity. The intensity value for each target antibody 

was divided for the β-actin value obtained for that lane to normalise for differences in gel 

loading. Phosphorylated protein values were also normalised to the total protein value.    

2.9 Real-time Quantitative Reverse-transcriptase Polymerase Chain 

Reaction (RT-qPCR)  

2.9.1 RNA extraction 

Cells were cultured as required in CSS and treated before lysis with Buffer RLT containing β-

mecaptoethanol, lysates were then homogenised using Qiashredders (79654, Qiagen). Total 

RNA was extracted using the RNeasy extraction kit (74104, Qiagen) according to the 

manufacturer’s instructions with the inclusion of an on-column DNase treatment (79254, 

Qiagen) step to remove traces of genomic DNA. RNA concentration and purity were determined 

using nanodrop spectrophotometer (ThermoFisher).   

2.9.2 cDNA synthesis 

Complementary DNA (cDNA) was prepared by reverse transcription using high capacity RNA-to-

cDNA kit (4387406, Applied Biosystems) following the manufacturer’s instructions using the 

T100TM, Bio-rad Thermocycler. Samples were incubated for 60 minutes at 37°C then heated to 
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95°C for 5 minutes to stop the reaction, samples were then held at 4°C until required or stored 

at -20°C. 

2.9.3 Taqman qPCR 

TaqMan qPCR assays were performed in a MicroAmpTM Optical 96 well plate (Applied 

Biosystems). cDNA was diluted to 25 ng/μl in RNase free water and 2µl added to each well 

containing: 1µl TaqMan primer-probe mix (listed Table 2.6), 10µl Taqman fast advanced master 

mix (Applied Biosystems) and 7µl RNase free water.  Reactions were carried out in triplicate. 

Sealed plates were run on QuantStudio 5 Real-Time qPCR System (ThermoFisher Scientific) the 

programme involved an initial cycle for 50°C 2 minutes, 95°C 10 minutes, followed by 40 cycles 

of 95°C for 15 seconds then 60°C for 60 seconds. Relative gene expression changes values were 

calculated using the 2-ΔΔCt method by normalising the CT values of each target gene to the 

housekeeping gene GAPDH and relative to the untreated control.  

Table 2.6 TaqMan primer probes used for qPCR throughout study. 

 Purchased from Applied BiosystemsTM ,ThermoFisher. 

Gene Assay ID     Dye 
Amplicon 

length (bp) 
Binding location 

GAPDH Hs02786624_g1 FAM/MGB  157 Probe/primer within exon 
Within coding region 6/ exon 
8 towards 5’ end.   

ACTB Hs01060665_g1 FAM/MGB 63 Probe spans exons 

FKBP5 Hs01561006_m1 FAM/MGB  75 Probe spans exons 

TSC22D2 Hs00608272_m1 FAM/MGB  77 Probe spans exons 

PER1 Hs00242988_m1 FAM/MGB  66 Probe spans exons 

DUSP1 Hs00610256_g1 FAM/MGB  63 Probe spans exons 

NFKBIA Hs00355671_g1 FAM/MGB 54 Probe spans exons 

IL6 Hs00174131_m1 FAM/MGB 95 Probe spans exons 

CXCL8 Hs00174103_m1 FAM/MGB 101 Probe spans exons 

ADGRA1 Hs00603154_m1 FAM/MGB 69 Probe spans exons 

ADGRG6 Hs01089210_m1 FAM/MGB 80 Probe spans exons 

ADGRE5 Hs00173542_m1 FAM/MGB 72 Probe spans exons 
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2.10 Brightfield Microscopy 

Brightfield images were captured using EVOS inverted microscope (InvitrogenTM ) using x4, x10 

and x20 objectives.  

2.10.1.1 Confluency Analysis 

Brightfield images of cultured cells were assessed for confluency. This was performed by 

capturing minimum of two images per well (three wells per condition). Captured images were 

then analysed by ImageJ software using the PHANTAST Fiji plugin with the default settings.  

2.11 Immunofluorescence Microscopy 

Cells were plated in 12 well plates containing 13mm glass coverslips. For suspension cells 

coverslips were pre-coated for 2 hours with 0.01% solution of poly-L-lysine (P4832, Sigma) then 

washed with PBS prior to cell seeding. Cells were treated as stated and following three washes 

with PBS cells were fixed with 4% Paraformaldehyde (PFA) for 1 hour at room temperature (RT). 

Cells were washed three times and blocked and permeabilised with blocking buffer (1% FBS, 

0.1% Triton-X in PBS) for 4 hours, at RT on a rocker. Primary antibodies (as listed in Table 2.1) 

were diluted in block buffer and incubated with cells overnight with gentle rocking, at RT. Cells 

were washed (3x 10 minutes) then incubated with secondary antibodies (Table 2.2)(diluted in 

block buffer) for 2 hours with rocking at RT and out of direct light. Three further washes (as 

previous) were followed by Hoechst 33342 staining (1:10,000 in PBS) for 5 minutes. Coverslips 

were again washed and mounted onto glass slides using Vectashield hard-set mountant 

(Vectorlabs).  

2.11.1 Image acquisition 

Fluorescent images were visualised and captured on a Ti Eclipse inverted microscope with Nikon 

DS-QiMc camera using the x60 oil and x100 oil objectives. Z-stacks were taken with a step size 

of 0.2µm and by defining the top and bottom stacks of the image.  

2.11.2 Image analysis 

The publicly available image software Fiji ImageJ and CellProfiler were used to process images 

and perform image analysis. All images were pre-processed using Fiji Image J and split in 

individual channels. Cell feature measurements and nuclear:cytoplasmic (N:C) ratios of GR and 

p65 were then performed using CellProfiler Software (164).  
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2.11.2.1 Transfection efficiency  

Fluorescent images of transfected cells were processed using an image J macro to detect the 

number of positively transfected cells based on staining in the FITC channel. The transfection 

efficiency was calculated based on the proportion of transfected cells based on the total 

number of cells per field of view- determined by staining in the DAPI channel. 

2.11.2.2 Transcription factor localisation 

Primary objects were defined by nuclear staining and secondary objects associated with each 

primary object identified using either F-actin or p65 staining (FITC channel). The tertiary objects 

were then defined by the subtraction of primary object from secondary objects. The mean pixel 

intensity of the defined object regions for each channel (nucleus and cytoplasm) were then used 

to obtain a ratio of transcription factor compartmentalisation nuclear: cytoplasmic ratio (N:C) 

(Figure 2.1). Cell and nuclear area measurements were obtained based on the pixel areas 

covered by the identified objects for the whole cell and nucleus respectively.   

2.11.2.3 N:C ratio optimisation  

Fiji ImageJ was used to pre-process all images and a macro was developed to aid batch 

processing. Briefly, the maximum-intensity projections of Z-stacked images were subject to the 

subtraction of background noise by sliding paraboloid filter with rolling ball radius of 500 pixels 

for each channel. Greyscale images of each channel were then inputted into CellProfiler (164) 

for quantitative analysis.  

Two different methods of defining secondary objects were used for cells on micropatterns; 

whole cell and perinuclear region. The comparison is outlined in Figure 2.2, which shows a 

greater level of variability and large calculated ratios for secondary objects defining the whole 

cell. The FITC channel image (stained for p65) was used to locate the cell boundary (whole cell) 

or a region expanded a distance of 50 pixels away from the boundary of the nuclear object. The 

tertiary object is the result of subtracting the primary object from the secondary object 

(cytoplasm or peri-nuclear cytoplasmic region). The staining pixel intensity for each channel was 

measured within the region of interest. 
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Figure 2.1. CellProfiler pipeline to define cellular regions of interest.  

Presented examples of segmentation of cellular regions for THP-1 (images taken at x60 and x100 magnification for 
comparison) and A549 cells. Grey scale images were pre-processed in Fiji ImageJ to generate maximum-intensity 
projection and subtract background noise. CellProfiler uses the DAPI channel to identify the nucleus which is taken as 
the primary object. For each primary object, the FITC channel image (stained for p65) is used to locate the cell boundary 
(whole cell). This region is taken to define the secondary object. The tertiary object is the result of subtracting the primary 
object region away from the secondary object.  
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Figure 2.2. Overview of CellProfiler identification of cellular regions.   

A549 cells plated on crossbow micropattern (A) and un-patterned substrate (B). CellProfiler takes the DAPI channel to 
identify the nucleus which is taken as the primary object. For each primary object, the image from the FITC channel 
(stained for p65) is used to locate the cell boundary (whole cell) or a region expanded a distance of 50 pixels away from 
the boundary of the nuclear object. These regions are taken to define the secondary object. The tertiary object is the 
result of subtracting the primary object from the secondary object. The staining intensity of for each channel is measured 
within the region of interest of the nuclei object and cytoplasmic/ peri-nuclear region objects and then divided to obtain 
a value for the nuclear: cytoplasmic ratio. Measurements comparing measurements obtained for the whole cell vs peri-
nuclear region.      
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2.12 ELISA 

Quantification of cytokine concentrations was performed using:  Human IL-10 Duoset ELISA kit 

(Dy217B-05, R&D systems) and human TNF-α Duoset (DY210-05, R&D systems) according to the 

manufacturer’s protocol. Samples were assayed neat and plated in triplicate. The optical density 

was measured at 450nm (with readings measured at 540nm subtracted for correction) using a 

microplate reader. Cytokine concentrations were determined by reference to the generated 

standard curve.  

2.13 Phosphoproteomics 

Identification of phosphoproteins following GR ligand treatment was performed by Dr Stephen 

Kershaw (University of Manchester School of Medical Sciences) using stable isotope labelling 

of amino acids in culture (SILAC), followed by liquid chromatography and tandem mass 

spectrometry (LC-MS/MS), as described (Kershaw, 2018) (165). Triple-SILAC was employed in 

which three different isotopically labelled forms of arginine and lysine were used, allowing 

three different treatment conditions to be analysed in a single experiment (166). Briefly, A549 

cells were cultured in medium containing naturally occurring L-arginine and L-lysine 
(containing 12C and 14N- termed light Arg/Lys), or in media containing arginine and lysine 

substituted with differing amounts of 13C and 15N (termed medium and heavy Arg/Lys). Cells 

were grown for 10 generations in these media (to allow complete incorporation of these 

amino acids into protein) and then treated with the GR ligands; Light Arg/Lys cells were 

treated with vehicle only (DMSO), medium Arg/Lys cells were treated with 100nM Dex (in 

DMSO) and heavy Arg/Lys cells were treated with either GRT7 (3nM) or (in a separate 

experiment), 086X (100nM). After ten minutes of ligand treatment, cells were pelleted and 

proteins extracted. Phosphoproteins were enriched using selection with titanium dioxide 
(TiO2)-coupled magnetic beads (which bind to phosphopeptides) and digested with trypsin. 

Samples from the different ligand treatments were pooled and analysed using LC-MS/MS. The 

LC-MS/MS procedure is quantitative and can resolve the difference in mass between peptides 

containing light, medium or heavy-labelled Arg/Lys. This allows the side-by-side comparison of 

the abundance of phosphopeptide species in the different treated samples. The relative 

quantification of identified phosphopeptides in the different samples was kindly provided by 

Dr Kershaw. 
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2.13.1 Data analysis 

2.13.1.1 Network Analysis 

To perform network analysis, differentially regulated proteins were inputted as a list into 

Cytoscape (167), to generate protein-protein interaction networks using the StringApp (168). 

The confidence score of protein-protein interaction either medium (0.4) or high (0.7) is stated 

in the legend. Line thickness indicate the strength of data support.  Network clustering of nodes 

based on their interactions was performed using Markov clustering (MCL) in the clusterMaker2 

Cytoscape app- clusters then used to colour nodes.  

2.13.1.2 Enrichment Analysis  

Functional enrichment analysis of proteins in the network was performed using StringApp in 

Cytoscape (167, 168). Using false discovery rate (FDR) to determine significance.   

Gene set enrichment analysis was performed using publicly available Enrichr, accessed online: 

http://amp.pharm.mssm.edu/Enrichr  (169). The gene IDs of differentially regulated proteins 

were imputed as grouped lists. The gene ontology libraries for biological process and molecular 

function were used, adj-pvalues were used to determine significance.   

Kinase enrichment analysis using KEA2: Kinase enrichment analysis 2 website, 

https://www.maayanlab.net/KEA2/index.html# . Phosphorylated proteins and the modified 

residue were submitted and enrichment was performed based on literature-based kinase-

substrate library with phosphosites.    

2.13.2 Kinase Prediction  

Prediction of regulatory kinases was performed using the Networkin site accessed at 

www.networkin.info (170). Protein names were inputted and the modified residues selected to 

give a predictive output score of the potential phosphorylating kinase.  
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2.14 Bulk mRNA-sequencing  

2.14.1 Sample preparation 

A549 cells were cultured for 24 hours in steroid depleted media (CSS) experiment performed 

with 6 replicates per condition. Cells were pre-treated with 500nM THZ531 for 30 minutes 

followed by 100nM Dexamethasone for 4 hours. Cells were lysed using RLT lysis buffer with 

added (B-mercaptoethanol) and total RNA extracted using Qiagen RNeasy kit including sample 

lysate homgenisation step using Qiashredder columns and on column digestion with DNAase to 

remove genomic DNA. RNA samples were preliminarily assessed by Nanodrop. For quality 

control, samples were processed by the Leeds next generation sequencing (NGS) facility, 

performed using Agilent Bioanalyser (RNA integrity number >9.8) and the RNA concentration 

determined by Qubit. The best 12 samples for RNA integrity and concertation were chosen and 

sent for sequencing. The 12 remaining samples were converted to cDNA and the expression of 

GAPDH, PER1, GILZ, and BRCA1 was determined by PCR to ensure the inhibitor was working 

correctly.   

2.14.2 Library preparation & Sequencing 

Library preparation, sequencing and initial bioinformatic analysis was performed by Novogene. 

Subsequent methods outlined as stated by Novogene. 

Breifly, mRNA was purified form total RNA using poly-T-oligo-attached magnetic beads. After 

fragmentation, the first strand cDNA was synthesised using random hexamer primers, followed 

by second strand cDNA synthesis using dUTP. The cDNA was then subject to end repair, A-tailing, 

adapter ligation, size selection, amplification and purification. The library quality was checked 

with Qubit and RT-PCR. The library preparations were sequenced on Illumina platform and 

paired-end reads of 150bp were generated.  

2.14.3 Data Analysis 

Raw reads of fastq format were firstly processed through in-house perl scripts. All the 

downstream analysis were based on the clean data with high quality. A List of software used is 

presented in Table 2.7. The sequencing read-mapping showing the distribution of reads 

mapping to chromosomes shown in Figure 2.3. Quantification of transcript abundance is shown 

in Figure 2.4. The read numbers mapped to each gene were counted and then FPKM of each 

gene was calculated based on the length of the gene and reads count mapped to this gene. 

FPKM, Reads Per Kilobase of exon model per Million mapped reads, considers the effect of 

sequencing depth and gene length for the reads count at the same time, and is currently the 

most commonly used method for estimating gene expression levels (171).  
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2.14.3.1 Differential expression analysis  

Differential expression analysis between biological replicates per condition was performed. 

Genes with an adjusted P-value <0.05 found by DESeq2 were assigned as differentially 

expressed.  

 

Table 2.7. RNA-Seq Software list as provided by Novogene 

Analysis Software Version Parameter Remarks Ref 

Mapping STAR v2.5 Mismatch =2 Mapping to 
reference genome 
GRCh38 

(172) 

Quantification HTSeq V0.6.1 -m union -  

Differential 
expression 
analysis (DEG) 

DESeq2 V2_1.6.3 Padj<0.05 For sample with 
biological replicate 

(173) 

Enrichment 
Analysis 

Cluster 
profiler 

V2.4.3 Padj<0.05 For GO, DO, KEGG, 
Reactome 
enrichment analysis 

(174) 
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Figure 2.3 Chromosome alignment distribution for each sample 

The distribution of mRNA reads mapped to the genome. The outer ring corresponds to the chromosome number, the 
middle ring is chromosome band type and the inner ring shows the distribution of the reads mapping to each region 
using 1M base as the sliding window. Each circle represents a sample treated as indicated (down left side). Produced by 
Novogene.  
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Figure 2.4 Gene density distribution 

Comparison of the distribution of the gene expression levels for the different treatment conditions and FPKM for each 
of the samples. X axis: sample name. Y axis: log2FPKM+1. THZ: 500nM THZ531. THZ + Dex: 500nM THZ531 + 100nM 
Dexamethasone. 
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2.14.3.2 GO and KEGG enrichment analysis of differentially expressed genes  

Gene Ontology (GO) enrichment analysis of differentially expressed genes was implemented by 

the clusterProfiler R package. GO terms with corrected Pvalue less than 0.05 were considered 

significantly enriched by differential expressed genes.  

KEGG is a database resource for understanding high-level functions and utilities of the biological 

system, such as the cell, the organism and the ecosystem, from molecular level information, 

especially large-scale molecular datasets generated by genome sequencing and other high-

through put experimental technologies (http://www.genome.jp/kegg/). The clusterProfiler R 

package was used to test the statistical enrichment of differential expression genes in KEGG 

pathways.  

2.14.4 Network analysis 

To perform network analysis, differentially regulated gene lists were inputted into Cytoscape 

(167). The StringApp (168) was used to generate a protein-protein interaction network with a 

medium (0.4) confidence score of protein-protein interaction. Nodes were coloured based on 

the log2 fold change in expression for treatment groups in comparison to the vehicle. The 

Reactome functional interactome network, was generated from whole group of Dex-regulated 

genes affected by THZ531 using the Recatome FI plugin (175).  

2.14.5 Motif analysis 

2.14.5.1 Analysis of motif enrichment (AME)  

The gene promoter region sequences were downloaded from the eukaryotic promoter database 

(EPD) in FASTA format (176). Lists of ensemble gene IDs for co-regulated genes were submitted 

with the selection for ‘only the most representative promoter for a gene’. Sequences were 

obtained for the regions of +100kb of the TSS with varying distances: -1kb,2kb, 5kb, 10kb or 20kb 

downstream. The sequences were then submitted into analysis of motif enrichment (AME) tool 

using shuffled input sequences mainlining 2-mers, as control sequences (177). Motifs were 

identified from the vertebrates (in vivo and in silico) database which searches within the JASPAR 

CORE vertebrates NON-REDUNDANT (in vivo and in silico), UniProbe Mouse (protein-binding 

microarray: PBM) and Jolma2013 Human and Mouse (HT-SELEX) databases. The average odds 

score was used to score the matches of a single sequence to single motif and the enrichment 

significance was tested using Fisher’s exact test. E-value score (expected number of motifs: 

adjusted p-value multiplied by number of motifs).    

2.14.5.2 I-regulon  

Lists of genes were stratified based on the differential expression induced by Dex and/or THZ531 

treatment and were inputted into Cytoscape (167). Transcriptional regulators for the gene sets 

were predicted using the i-Regulon plugin (178). 
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2.14.5.3 Epigenetic Landscape In-Silico deletion Analysis (LISA)  

Stratified gene lists (as above) were submitted  to LISA.cistrome.org. (179). Gene sets were 

inputted as to compare genes up-regulated versus down-regulated by Dex. Result files were 

imported into R for further analysis and visualisation.  

2.15 Statistical Analysis  

Statistical analysis was conducted using Graph Pad Prism (version 9.10). For the comparison 

between two variables a Mann-Whitney test was the statistical method used.  One-way analysis 

of variance (ANOVA) was performed to assess group differences (the relevant post-hoc test used 

stated in results), while two-way ANOVA was used in cases with more than one independent 

variable. Error bars illustrate ± standard error of the mean (SEM) unless stated otherwise, and 

number of experiments specified in each figure legend. P values denoted by asterisks, results 

with a value of p< 0.05 were deemed statistically significant.  

2.16 Schematic figures 

Schematic figures created with BioRender.com.  
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Chapter 3: Rapid targets of GR activation 

3.1 Introduction 

Phosphorylation is a reversible post-translational modification added on to proteins to modulate 

their activity. The chemical addition of a phosphoryl group (PO3- ) by kinases (and the reverse 

reaction mediated by phosphatases) is important for regulating cellular processes and relaying 

information through signalling cascades.  

Immediate, non-genomic effects of Gc are thought to be exerted by interactions with kinases 

however, the spectrum of rapid signalling events induced following Gc exposure is yet to be fully 

determined. Building a clearer understanding of such events may have implications for 

management of inflammation such as asthma where rapid resolution is required (88, 180). This 

chapter, explores the non-genomic activity of GR using the unbiased approach of global 

phosphoproteomics to define the Gc-regulated phosphoproteome.  

Three synthetic GR-ligands were evaluated, each with distinct properties. Dexamethasone (Dex) 

is a highly potent steroid and the ‘classic’ activating ligand used routinely in GR research and 

clinical applications (28, 44, 70, 72, 76, 79, 102, 181, 182). 086X, a selective steroid which has 

the same activation kinetics and potency of Dex but was designed to modulate GR in favour of 

the trans-repression of genes (183, 184). GRT7, which is a non-steroidal ligand - meaning the 

compound does not share the core cyclohexane and cyclopentane steroidal structure. This 

ligand occupies the novel ‘meta channel’, an extended region within the GR LBD created by the 

binding of non-steroidal ligands (185). The binding conformation induced by GRT7 results in GR 

having a greater potency for transcription but displays slower activation kinetics, whereby GR 

translocation into the nucleus is delayed (165, 186). 

GR-ligands were chosen to evaluate the hypothesis that each would generate an individual 

profile of phosphorylated proteins. Such would reflect their unique transcriptional outputs and 

be indicative of a distinct set of regulated cellular processes. Therefore, the profile of proteins 

phosphorylated prior to transcription may be partly responsible for the differences. As ligand 

binding induces a conformational change in GR protein, the resultant orientation could 

potentially enable unique protein interactions and association with downstream pathways 

affecting the subsequent genomic activity (187). If this were the case, new understanding could 

provide a novel level of modulating the outcome of GR activation.  
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3.2 Results 

Stable isotype labelling by amino acids in cell culture (SILAC) phosphoproteomics was used as a 

non-biased approach to identify differentially regulated phosphoproteins in vitro. Sample 

preparation and phosphoproteomics was performed by Dr Stephen Kershaw at the University 

of Manchester proteomics facility.  A549 cells, a Gc-responsive lung carcinoma epithelial cell 

line, were chosen for the phosphoproteomic analysis. These cells are routinely used as a model 

to study GR biology (181, 188-191). The expression and functionality of the GR protein has been 

extensively validated in this cell type. Furthermore, the availability of published datasets 

evaluating Gc activity in these cells can be used for reference (57, 76, 78). Other advantages 

include their abundance and proliferative capacity allowing for the necessary population 

doublings within the labelled media (10 generations). As lung-derived cells they are a 

physiologically relevant model; GR function in the lung is critical during development and 

represents an important immunological interface.  

Briefly, A549 cells, were cultured in medium containing either heavy (Arg10/Lys8), medium 

(Arg6/Lys4) or light (Arg0/Lys0) stable-isotype-labelled amino acids. This incorporates a known 

mass difference between the same peptides in the different cultures (157, 192). The 

metabolically labelled cultures were treated for 10 minutes with three potency-matched, 

distinct GR ligands. Medium-labelled cells were treated with 100nM Dex and light-labelled cells 

were treated with DMSO vehicle control. Heavy-labelled cells were treated with either: 100nM 

086X or 3nM GRT7. The structures of Dex, 086X and GRT7 are shown in Figure 3.1A. These 

ligands were chosen to compare the acute effects of steroidal vs non-steroidal ligands and 

ligands with different genomic outputs, at a timepoint when GR is predominantly located within 

the cytoplasm.  
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3.2.1 SILAC Phosphoproteomics identifies a common, rapid signature of GR 

activation 

Overall, 388 phosphopeptides were identified as being modified following treatment with GR 

ligands (Figure 3.1B). This corresponds to a total of 155 proteins which were differentially 

phosphorylated in comparison to the DMSO vehicle control. Despite the different modes of 

action of the 3 ligands, Figure 3.1C highlights that 109 of these protein targets were shared 

between the three ligands, 24 proteins were shared between Dex and the non-steroidal ligand 

GRT7 and 16 where shared between Dex and 086X. Yet only two proteins were commonly 

identified between GRT7 and 086X and not modified by Dex. The signature of modified peptides 

and specific phosphosites shows a high degree of overlap, indicating that these GR modulators 

rapidly induce a common phosphorylation signature following GR activation.  

 

 

Figure 3.1 Defining the rapid Gc-regulated phosphoproteome 

A) Structures of compounds: Dexamethasone, GRT7 and 086X were used define the rapid phosphoproteome. A549 cells 
in SILAC labelled cultures were stimulated for 10 minutes with one of the GR ligands, lysed and differentially 
phosphorylated residues were analysed using SILAC phosphoproteomics. B) Venn diagram showing the total number of 
Gc regulated phosphoresidues. Defined as each of the phosphorylation sites which are differentially modified following 
10 minutes ligand treatment - in comparison to the vehicle (DMSO) treated control. C) Venn diagram showing the total 
number of Gc regulated phosphoproteins. Defined as the proteins which contain the differentially phosphorylated 
residues following 10 minutes ligand treatment - in comparison to vehicle (DMSO) treated control.  
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The majority of modified substrates were serine residues (87.01%); threonine represented 13% 

of residues and only 0.3% of the total phosphopeptides modified by all ligands were tyrosine 

residues (Figure 3.2A). This corresponds to only one modified tyrosine residue, Tyr15 derived 

from CDK1, CDK2 or CDK3 (which cannot be distinguished due to sequence similarity in this 

region). The proportions reflect the enrichment methodology using titanium dioxide, to select 

for phosphorylated peptides prior to MS analysis, which preferentially selects for serine and 

threonine residues (192). These proportionalities were maintained for each individual ligand. 

Analysis of multiplicity indicates that almost half (49.16%) of the peptide fragments had two 

modifications (double phosphorylation), over a third (38.42%) has a single phosphorylation and 

12.41% were triply modified (Figure 3.2B).  

 

 

Figure 3.2 Modified amino acids and multiplicity of Gc-regulated phosphoproteome 

A) Percentage of modified amino acid residues serine, threonine and tyrosine in pie chart and the accompanying bar 
chart showing the summarised percentage for the individual ligands. Bar graph outlining the total number of 
phosphorylated serine, threonine and tyrosine residues measured for each ligand. B) Multiplicity of the modifications at 
the identified phosphosites. The summarised percentage of multiplicity for all ligands. Indicating whether 
phosphorylated proteins were found to have single, double or triple phosphorylation marks at a particular site.  

  

13.00%

86.70%

0.30%

0 100 200 300 400 500

Dex

GRT7

086X

Serine
Threonine
Tyrosine

Total = 375

Total = 331

Total = 309268 40

286 44

326 48 1

1

1

Number of residues

Multiplicity

1
2
3

12.41%

38.42%

49.16%

A)

B)



 

 66 

SILAC and mass spectrometry allows the quantification of targets before and after treatment 

and Figure 3.3A displays the median log2 fold change for each differentially phosphorylated 

residue. For each of the ligands there are more residues with a reduction of phosphorylation 

than addition. The range of the median log2 Fold change induced by Dex treatment is largely 

between -1 and 1 with only 4 residues surpassing a log2 fold change greater than 1. This is also 

reflected by GRT7, with a few residues (8 down and 3 up) regulated with a median Log2 fold 

change <-1 and >1.  Overall, the extent of the fold change induced by 086X is greater, with a 

larger number of residues displaying a greater magnitude of decrease (34 down <-1 and 4 up 

>1).  The directionality of fold change for each specific residue is not always shared between 

treatments. The heat map (Figure 3.3B) compares the median log fold change for each modified 

residue, and reveals clusters in which the directionality of change is the opposite between 

ligands. This result demonstrates that despite the shared spectrum of modified proteins, the 

magnitude of effect exerted by the ligands may differ in regard to cellular outcomes.  
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Figure 3.3. Differential regulation of target phosphopeptides induced by GR ligands. 

A) Bar plot showing the median log2 fold change for each of the identified differentially phosphorylated residues induced 
following 10 minute exposure for each ligand: Dexamethasone, GRT7, 086X. B) Heat map of the median log2 fold change 
in phosphorylation, each row represents a modified residue following treatment with each ligand. Made using 
heatmapper.ca. Cluster methods: complete linkage. Distance measurement methods: Manhattan. Blue corresponds to 
reduction, yellow corresponds to increase phosphorylation.  
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The plots in Figure A.1 display the identified top 20 up- and down-regulated residues for each 

ligand, based on the median log2 fold change from a minimum of 3 measurements. Residues 

from neighbouring sites on the same protein are shown to be regulated in the same direction 

and to the same extent, for example Dex-induced upregulation of phosphorylation of ADAM9 

T761 and S758 (median log2FC 1.29) or ATF7 T51 and T53 (median log2FC -0.82). This likely 

represents residues which are dually regulated by the same kinase and/or phosphatase.  

Figure 3.4 shows all 22 proteins with ≥4 phosphosites which were differentially modified by the 

Gc ligands. The scaffold protein neuroblast differentiation-associated protein (AHNAK) displays 

the greatest number of regulated residues for all conditions (Dex:26, GRT7:23, 086X:24) while 

CHAMP1 had the second greatest number for Dex and 086X (18 sites) yet this was not seen for 

GRT7 with only 8 sites. This again demonstrates in similarity of the response induced the three 

ligands. 
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Figure 3.4 Proteins with the largest number of differentially regulated phosphosites induced by GR ligands.  

The proteins with ≥4 phosphosites regulated by Dex. Of these proteins the number of differentially regulated 
phosphosites are shown for each of the ligands. Y axis corresponds to the total number of sites detected as differentially 
phosphorylated for the protein in comparison to the DMSO-vehicle control. Induced by Dexamethasone (blue), GRT7 
(green) and 086X (red). The table below details all proteins plotted and summarises the protein name, type, localisation 
and function. 
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Gene name Protein name Protein type Localisation Function
AHNAK Neuroblast differentiation-associated protein AHNAK Structural scaffold protein Nucleus/cytoplasm

Predicted role in cell structure and migration, cardiac calcium channel regulation, and 
tumor metastasis. 

CHAMP1 Chromosome alignment-maintaining phosphoprotein 1 Zinc finger protein Nucleus/cytoskeleton
Required for proper alignment of chromosomes at metaphase and their accurate 
segregation during mitosis. 

CDK12 Cyclin-dependent kinase 12 Kinase Nucleus Phosphorylation of RNA POLII, detection of DNA Damage and pre-mRNA splicing 

ACIN1 Apoptotic chromatin condensation inducer in the nucleus Adapter protein Membrane/nucleus/cytoplasm
Induces chromatin condensation during apoptosis.  A component of splicing-dependent 
multiprotein exon junction complex (EJC).

AHNAK2 Protein AHNAK2 Structural scaffold protein Membrane/cytoplasm/nucleus
Large nucleoprotein with a role in calcium signaling by associating with calcium channel 
proteins. 

BCLAF1 Bcl-2-associated transcription factor 1 Transcriptional repressor Nucleus Death-promoting transcriptional repressor.

CCDC86 Coiled-coil domain-containing protein 86 RNA binding Nucleus Cytokine inducible.

CDK13 Cyclin-dependent kinase 13 Kinase Nucleus Phosphorylation of RNA POLII, detection of DNA Damage and pre-mRNA splicing. 

ADD2 Beta-adducin Cytoskeletal protein Membrane/cytoskeleton/nucleus
Membrane-cytoskeleton-associated protein that promotes the assembly of the spectrin-
actin network.

ATRX Transcriptional regulator ATRX Helicase, SWI/SNF family Nucleus
Phosporylation controls nuclear matrix and chromatin associations. Involved in 
transcriptional regulation and chromatin remodeling.

AKT1S1 Proline-rich AKT1 substrate 1 TORC complex Cytoplasm/nucleus
Subunit of mTORC1 complex and negatively regulates mTOR activity dependent on 
phosphorylation status.

BAIAP2L1 Brain-specific angiogenesis inhibitor 1-associated protein 2-like protein 1 Adapter protein Membrane/cytoskeleton/nucleus Plays a role in the reorganization of the actin cytoskeleton.

C2CD5 C2 domain-containing protein 5 Adaptor protein Membrane/cytoskeleton Required for insulin-stimulated glucose transport and glucose transporter translocation.

AATF Protein AATF Transcription factor Nucleus 
Antagonises apoptosis and interacts with SP1, RNA POLII. May function as a general 
inhibitor of the histone deacetylase HDAC1 leading to cell cycle progression. 

BUD13 BUD13 homolog Adapter protein Nucleus/cytoplasm Component of splicisome involved in pre-mRNA splicing. 

CARHSP1 Calcium-regulated heat stable protein 1 Adapter protein Cytoplams Calcium regulated. Binds mRNA and regulates the stability of target mRNA. 

CCNL1 Cyclin-L1 Cyclin Nucleus Phosphorylation of RNA POLII, detection of DNA Damage and pre-mRNA splicing 

CDC5L Cell division cycle 5-like protein DNA binding Nucleus 
Component of the non-snRNA splicosome. Controls G2/M transition. May act as a 
transcriptional activator.

CHD9 Chromodomain-helicase-DNA-binding protein 9 Helicase Nucleus
Proposed to be a ATP-dependent chromatin remodeling protein. Has DNA-dependent 
ATPase activity and binds to A/T-rich DNA. 

CHERP Calcium homeostasis endoplasmic reticulum protein Adapter Nucleus/ER Involved in calcium homeostasis, growth and proliferation. Implicated in mRNA splicing.

CIC Protein capicua homolog Transcriptional corepressor Nucleus Member of the high mobility group (HMG)-box superfamily of transcriptional repressors.

EIF4EBP1 Eukaryotic translation initiation factor 4E-binding protein 1 Translation repressor Cytoplasm Binds ELF-4E and inhibits translation.
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3.2.1.1 Gc regulated phosphopeptides are located throughout the cell 

GR primarily acts within the nucleus to regulate genomic responses, although prior to activation 

GR resides in the cytoplasm (31) and has been reported to localise to the cell membrane (193-

195) and mitochondria (26). In order to gain further insight into the cellular regions subject to 

rapid-Gc signalling and the processes that the regulated proteins are involved, I investigated 

their cellular localisation. Information regarding the predicted sub-cellular compartment of the 

phospho-targets was retrieved from Uniprot and illustrates that rapid Gc-signalling extends 

throughout the whole cell (Figure 3.5A). The greatest proportion of regulated proteins are 

located in the nucleus followed by the cytoplasm and the membrane. In addition, proteins 

associated with the cytoskeleton, mitochondria, Golgi and Endoplasmic Reticulum were 

identified. A number of the modified proteins are depicted in Figure 3.5B, which visually 

highlights the range of identified targets and their diverse subcellular locations. This shows that 

ten minutes after ligand addition, a time point when GR is predominantly located in the 

cytoplasm, GR initiates signals which are broad ranging and reach various cellular 

compartments.  
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Figure 3.5. Predicted sub-cellular localisation of the identified Gc-regulated phosphoproteins 

A) Cellular compartment and corresponding number of differentially regulated phosphoproteins within that 
compartment, according to the Gene Oontology (GO) enrichment. B) Schematic figure of a number of identified proteins 
and their predicted cellular localisation. Proteins exist within a diverse range of cellular compartments including at the 
cell membrane, endosomes, cytoskeleton, Golgi apparatus, endoplasmic reticulum (ER), mitochondria and nucleus.  
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3.2.2 Phosphopeptide Network Analysis reveals diverse functionalities 

In attempt to identify the pathways regulated by these events. I used two approaches, network 

analysis and gene ontology analysis. Network analysis was performed using the STRINGApp 

within Cytoscape software, which facilitates the visualisation of the differentially regulated 

phosphoproteins in context with each other (168). Based on curated protein-protein interaction 

and association information this analysis helps to infer relationships between commonly 

regulated proteins. Functional ontology or enrichment analysis, was used to assess the group of 

co-regulated phosphoproteins to predict common biological functions that they are associated 

with (169). Figure 3.6A shows a functional protein-protein interaction network of all the 

regulated phosphoproteins which were shared between all three ligands. The network, which 

contains 158 protein nodes, has 250 edges representing protein-protein interactions. This 

number of edges is greater than the enrichment number of expected edges (122), defined as 

the average number of edges expected for a random selection of unrelated protein nodes. 

Furthermore, the ppi enrichment p value = 1 x10-16 and overall provides a strong indication that 

the identified set of proteins are functionally associated. The average degree (number of edges) 

for each node is 3.16 and so represents a coherent network of proteins rapidly regulated by Gc. 

Indeed, there was only one protein, Charged Multivesicular Body Protein 2B (CHMP2B), which 

was unconnected from the network. The node with the greatest degree of connectivity is CDK1 

(degree =25) followed by cell division cycle 5-like protein (CDC5L) (degree =22), which is a pre-

mRNA splicing factor that regulates mitotic progression(196). This highly interconnected 

network of proteins identifies common functional processes which are rapidly regulated by the 

GR ligands following receptor binding.  

Gene set enrichment analysis was performed to predict biological functions of the differentially 

regulated proteins and pathways they may be involved in.  Figure 3.6B shows that there is 

diverse range of functions predicted for the regulated proteins. Enriched terms relate to the 

organisation of cellular organelles, chromatin remodelling, cell-cycle regulation, gene expression 

and mRNA processing – many of which are functions associated with genomic activity. Although 

several of these pathways were previously known to be regulated by Gc, this analysis establishes 

a number of these processes are very rapidly modulated following Gc treatment via a cascade 

of phosphorylation events.  

  



 

 73 

 

 

Figure 3.6 Interaction network and biological function of Gc-regulated phosphoproteins 

A) Functional protein interaction network of all the proteins (oval nodes) differentially phosphorylated by the three GR 
ligands. Generated using STRING Network within cytoscape. The edges connecting nodes represent protein-protein 
interactions (line thickness indicates strength of data support). Medium confidence (0.4). Nodes are coloured by 
mclcluster group. B) Biological function enrichment analysis from the differentially regulated phosphoproteins 
generated from the STRING interaction network.  
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3.2.2.1 The protein AHNAK had the greatest number of differentially phosphorylated 

residues   

Organelle organisation features as the most enriched biological function and encompasses 

proteins which act to maintain the assembly and architecture of cellular organelles. This includes 

two related proteins; AKNAK (neuroblast differentiation-associated protein) and AHNAK2 which 

are large structural scaffold proteins involved in a multitude of biological processes including 

calcium signalling and have been associated with metabolism (197). AHANK has also been 

associated with supressing proliferation in triple negative breast cancer (TNBC) and lung cancer 

(198, 199); two cancers in which GR-activity correlates with outcome and Gc is administered as 

part of a standard treatment regime (191, 200).  

 

Figure 3.7 Differential phosphorylation of AHNAK and AHNAK2 by GR ligands 

Graphs displaying the position of modified residues for AHNAK and AHNAK2, along the protein length (x-axis) and the 
magnitude of the log2 fold change induced by each ligand (y-axis).  

 

AHANK was identified as the most heavily phosphorylated/ dephosphorylated following GR 

activation by each of the ligands (Figure 3.5) and residues from each of the two proteins featured 

as top-20 regulated phopho-residues (Figure A.1). The position of phosphorylated residue along 

the protein and extent of the log2 fold change induced by each ligand is shown in Figure 3.7.  

The sites of modification upon AHNAK were primarily within the N-terminal and C-terminal ends 

which are predicted to be the sites of protein-protein interactions. Whereas, the central domain 

of 4300 amino acids containing 128-residue repetitive sequence is largely unmodified. Although 

AHNAK2 shares significant sequence homology, the protein was predominantly modified at the 

C-terminal end (197).  The ligands induced varied extent of change in the level of 

phosphorylation and this differs between residues.  

The potential regulating kinases were investigated using NetworKIN- an online database which 

predicts which kinase is responsible for the phosphorylation based on consensus substrate 

motifs (201) (Table A.2). This revealed PKCα as the highest scoring for residues Ser5782, Ser5790 
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and PKCβ for Ser5400 and were the only kinases with a prediction score above 2. Other kinases 

potentially involved are CAMKIIα and ERK1 ERK2, the same kinases were identified for AHNAK2.  

Annexin A2 (ANXA2) is closely associated with the cytoskeleton for vesicle transport and cellular 

migration (202).  In the protein network (Figure 3.6) ANXA2 is shown to interact with the AHANK 

proteins, suggesting these proteins co-operate in a Gc-regulated process.  

3.2.2.2 Phosphoproteins are associated with Cytoskeleton Organisation  

The proteins in the functional interaction network can be filtered based on shared ontology 

terms to generate subnetworks of proteins which are predicted to be involved in similar 

functions. A number of differentially phosphorylated proteins were associated with 

cytoskeleton organisation, and are shown by the subnetwork (Figure 3.8A). Three related 

adapter proteins: α-adductin (ADD1), β-adductin (ADD2) and γ-adductin (ADD3) were all 

differentially phosphorylated and are shown as interconnecting nodes. The proteins function as 

heterodimer/tetramers to assemble the spectrin-actin network and mechanically support the 

plasma membrane in addition to actin filament capping (203). Two further proteins known to 

interact to regulate actin dynamics are Cyclase Associated Protein 1 (CAP1) and Cofilin-1 (CFL). 

These proteins form a complex and participate in actin elongation at the free barbed ends. The 

identified sites of modification upon CAP1 (Ser308 and Ser310) are modified by GSK3 and 

regulate binding with cofilin-1 (204).  

Cofilin-1 is a small protein involved in the organisation of the actin cytoskeleton by means of 

regulating the depolymerisation of F-actin filaments and inhibiting G-actin polymerisation (203, 

205). Phosphorylation of the cofilin-1 Ser 3 residue, inactivates actin depolymerisation and 

results in stabilisation of the actin network (205). The SILAC data showed that cofilin-1 was 

phosphorylated following Gc treatment for 10 minutes (Figure 3.8B). Overall, phosphorylation 

of cofilin-1 Ser3 was enhanced by treatment with all three ligands, suggesting that cofilin-1 is 

inactivated by Gc. However, whilst Dex treatment induced a net increase in phosphorylation in 

comparison to vehicle, a -0.5 log2 fold change in one of the three replicates was observed.  To 

investigate this finding in more detail, I treated A549 cells with Dex over an acute time course 

up to 60 minutes and measured the changes in phosphorylation using immunoblotting with a 

phosphospecific antibody for cofilin-1 Ser 3. The results showed an initial reduction in 

phosphorylation by Dex at 5 minutes in comparison to untreated cells (Figure 3.8C). Following 

this initial reduction in cofilin-1 Ser3 phosphorylation, the level of pSer3-cofilin-1 gradually 

increased with Dex exposure up to 60 minutes. Based on these findings this suggests that Dex 

rapidly initiates the removal of phosphate from the Ser3 residue which activates cofilin-1 and 

destabilises actin. This is followed by the re-phosphorylation of serine 3 and inactivation of 
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cofilin-1. The increase in cofilin-1 ser3 phosphorylation observed at 10 minutes post-treatment 

by proteomic analysis likely corresponds to the re-phosphorylation of this substrate following 

its initial rapid removal.   

 

 

Figure 3.8 Cytoskeletal organisation and phosphorylation of cofilin-1 

A) Protein interaction subnetwork of identified phospho-proteins associated with the enriched biological function: 
cytoskeleton organisation. B) Log 2-fold change in cofilin-1 Ser3 phosphorylation relative to vehicle control, quantified 
by phosphoproteomic analysis.  Bars represent median and 95% confidence interval. C) A549 cells were treated with 
100nM Dex over a time course up to 60 minutes. Samples were then lysed and protein expression was analysed by 
Immunoblot. Specific antibodies against cofilin phosphorylated at Serine 3. Representative blots shown from three 
independent experiments. Densitometry was used to quantify the relative density of phosphorylation normalised to B-
actin. Shown is the mean and SEM of measurements. (n=3) 
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3.2.3 Kinase Motif Analysis 

Motif enrichment analysis, based on the neighbouring amino acid sequence to the 

phosphorylation mark, can be used to predict the kinase responsible for the modification and, 

by extension, the active signalling pathway (summarised in Figure.3.9A) Glycogen Synthase 

Kinase-3 (GSK3), ERK1 (also known as MAPK3), ERK2 (MAPK1) and cyclin-dependent kinase 5 

(CDK5) contributed the largest proportion of predicted regulating kinases, followed by: WW 

domain binding domain, Casein kinase II, GPCR kinase I, PKA Kinase, PKC kinase, MAP kinase-

activated protein kinase 2 (MAPKAPK2) and cyclin dependent kinase 1,2,4,6. This indicate 

activation of a broad range of pathways.  

For comparison, kinase prediction was also performed using the web-based KEA2 tool. The lists 

of phosphorylated proteins and their modified residues by each ligand were inputted. KEA2 

performs kinase enrichment probability based on ‘kinase similarity and kinase-substrate 

databases’ (206). Analysis again demonstrates the common signature induced by the different 

treatments (Figure.3.9B).  Using the KEA2 approach, CDK12 is ranked as the top enriched kinase 

for Dex and GRT7, closely followed by GSK-3β. However, for 086X CDK12 is the fourth most 

significantly enriched kinase after GSK-3β, p38α and mTOR. The residues associated with the 

enrichment were all residues on CDK12 itself, suggesting an autophosphorylation mechanism. 

These predicted kinases were used to generate a protein interaction network (Figure.3.9C) to 

understand the signalling transduction pathways which are implicated. This is largely clustered 

into three groups: MAPK, MTOR and CDKs.  These kinases largely participate in signalling 

pathways which are activated by external signalling proteins such as stress, growth factors and 

cytokines. This suggests that activated GR may modulate the activity of the relayed signals and 

downstream effectors.  
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Figure.3.9 Predicted Kinases using motif analysis   

A) Substrate motif analysis of differentially phosphorylated proteins. Pie chart of the percentage contribution of each 
predicted kinase for the total differentially phosphorylated residues induced by all GR ligands. B) Kinase enrichment (by 
submitting proteins and modified residue location into KEA2 online database). Displayed are the top enriched kinases 
for each ligand. The dotted line represents the significance cut off set at the equivalent of p<0.05. C) STRING interaction 
network of the predicted kinases from KEA2 enrichment. Connected by confidence as indicated by line thickness which 
corresponds to the strength of the data support, filtered using high confidence (0.7). The 11 kinases from kinase 
enrichment plus 10 interactors in the 1st shell and no more than 5 interactors in the second shell.  
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3.2.4 Surface Signals 

3.2.4.1 Gc differentially phosphorylate G-Protein coupled receptors  

Three G-protein coupled receptors (GPCR), GPR123, GPR126 and CD97, were identified as being 

differentially phosphorylated following treatment with the GR-ligands. This may provide a 

crucial link between GR activation and implicated kinase signalling pathways (Figure.3.9A). 

Given that GPCR kinase I, and many other kinases which act downstream of GPCRs were 

identified by the motif analysis, therefore I decided to investigate these receptors further.  

The identified receptors are members of the adhesion family. Adhesion GPCRs can be identified 

structurally by an extended extracellular-region containing versatile functional domains that 

facilitate cell and matrix contacts. This region typically contains adhesive domains as well as a 

GPCR autoproteolysis-inducing (GAIN) domain. This GAIN domain contains the highly conserved 

GPS (G protein-coupled receptor proteolysis site) which is a site of autoproteolytic cleavage 

where the receptor is cleaved to become a N-terminal fragment and C-terminal fragment which 

associate by, noncovalent interactions, as a complex at the cell surface (207). Often flanking this 

region is a hormone receptor (HomrR) domain. Araç et al found this region to show a high degree 

of structural similarity to the hormone binding domain of the corticotrophin releasing factor 

receptor (CRFR) (207).  Although the complete functional relevance of this domain is 

uncharacterised, it indicates a potential region that Gc could interact. Therefore, this 

theoretically indicates the capability of these receptors to have a role in Gc signalling.  

GPR123 displayed a positive change in phosphorylation on residue Ser8 by all three ligands, with 

086X resulting in the greatest fold change (Figure 3.10A). Kinase motif analysis predicted that 

PKA was a responsible kinase while networKIN method predicted PKCβ (score = 2.49) as an 

indirect modulator via ezrin (EZR). GPR126 was differentially phosphorylated at position Ser1168 

in a negative manner by all GR modulators (Figure 3.10B). The predicted regulatory kinases are 

casein kinase II and MAPKAPK2. A difference in CD97 phosphorylation at position Ser831 was 

induced by Dex and 086X only (Figure 3.10C). A range of kinases were predicted to be 

responsible based on the substrate motif; these included Casein Kinase II, G protein-coupled 

receptor kinase 1, PKA and PKC (Figure 3.10D).   
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Figure 3.10 G-protein coupled receptors differentially phosphorylated by GR ligands  

The extent of Log2 fold change in phosphorylation induced by each ligand for GPR123 (A), GPR126 (B) and CD97 (C). 
Each dot represents an individual measurement with the median and 95% confidence interval. Table summarising the 
modified phospho-residues for each receptor, the predicted kinase from motif analysis (D). (PKCβ identified by Networkin 
website, the only kinase with a score >1.5 for any of the residues.  
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3.2.4.2 GPCR Expression 

In order to ascertain whether the expression of each of the GPCRs is regulated by GR, A549 cells 

were treated with 100nM Dex for 4 hours and the expression of genes encoding the identified 

receptors was determined using qRT-PCR. The results showed that ADGRA1 (which encodes 

GPR123) was upregulated by Dex treatment and was the only receptor significantly regulated 

after 4 hours Dex exposure (Figure 3.11A).   

I hypothesised that these GPCRs might be involved in the transmission of Gc-responsive signals 

and aimed to investigate the effect of knocking down each receptor. Before performing siRNA-

mediated knockdown of these molecules, it was necessary to validate their expression and the 

suitability of reagents to detect changes in expression following siRNA treatment. The tissue 

expression pattern of each of the receptors is distinct. GPR123 (ADGRA1) is predominantly 

expressed in central nervous system (208), while GPR126 (ADGRG6) is expressed in peripheral 

tissues including the liver and lung (209), which are both major Gc target tissues. CD97 (ADGRE5) 

is implicated in inflammation and accordingly has high expression on immune cells (210). 

Therefore, to determine the best model to study the signalling activities of the identified GPCRs, 

a panel of cell lines with different tissue origins were screened to measure expression. This was 

initially conducted by lysing cells for protein levels analysis by immunoblotting. However, there 

are few commercially available antibodies and these proved unreliable and gave inconclusive 

results (data not shown). The best representative blot for GPR126 after 4 attempts is shown in 

Figure 3.11B. The full-length protein has a predicted molecular weight of 137kDa. However, the 

protein is cleaved into two fragments for assembly at the membrane, generating a 70kDa N-

terminal fragment (the extracellular soluble protein) and a 35kDa C-terminal fragment. Bands 

can be seen at 70kDa for most cell lines, although bands of 137kDa are present for MO59K and 

HepaRG cells, yet the 35KDa fragment is not observed. Longer exposure times resulted in the 

appearance of multiple non-specific bands (data not shown). 



 

 82 

 

Figure 3.11 Assessment of GPCR expression 

A). RT-qPCR analysis of GPCR expression following 4hr exposure to 100nM Dexamethasone. A549 cells were treated 
with 100nM Dex for 4 hours. Cells were lysed and gene expression was assessed by Taqman qPCR. Fold changes were 
calculated relative to vehicle treated control and normalised to GAPDH housekeeping gene. Data is presented as the 
mean fold change and standard error of the mean (SEM) of three independent experiments. Represented as individual 
points for each experimental repeat (n=3). Statistical analysis performed using Mann Whitney test, comparing 
expression level of each GPCR gene to the vehicle control only.  *P< 0.05.  dCT, 𝚫 (delta) CT value. B) Assessment of 
GPR126 protein expression in various cell lines. Cultured cells were lysed and protein expression was analysed by 
Immunoblot using 15µg protein lysates using a specific polyclonal antibody against GPR126. GPR126 has a molecular 
weight of 137KDa but the mature protein on the cell surface is cleaved into two fragments: 35KDa C-terminal fragment 
and 70KDa N-terminal fragment (the extracellular soluble protein). Cultured cells were lysed and mRNA expression of 
ADGRA1, GPR123(C); ADGRG6, GPR126 (D) ; ADGRE5, CD97 (E); were analysed by RT-qPCR. Plotted are dCT values for 
each cell line normalised to GAPDH for that sample mean of triplicate technical replicates.   
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As an alternative to immunoblotting, the mRNA expression was analysed by RT-qPCR. Figure 

3.11C-E displays the expression data for each receptor. The breast cancer cell line MCF-7 showed 

the highest relative expression of ADGRA1 (encoding GPR123). However, for all of the cell lines 

examined the CT (cycle threshold) was greater than 30 cycles, indicating low level expression of 

this gene. The hepatocyte carcinoma cell line, Huh7 demonstrated the highest expression for 

ADGRG6 (GPR126), whereas ADGRE5 (CD97) expression was highest in the THP-1 monocyte-like 

cell line and reflects their know tissue-level expression. As MRC-5 and Huh7 showed the greatest 

expression levels for GPR123 and GPR126, respectively, these were taken forward to investigate 

the effect of knockdown of the GPCRs. A549s were also chosen, to maintain consistency with 

the phosphoproteomic dataset – as the receptors were detected in the A549 cell line initially.   

 

 

Figure 3.12 Optimisation of GPCR siRNA knockdown 

Various cell lines were treated with siRNA targeting each GPCR for 48 hours. Cells were lysed and GPCR mRNA expression 
ADGRA1, GPR123(A,B); ADGRG6, GPR126 (C,D) ; ADGRE5, CD97 (E,F) were assessed by Taqman qPCR. Fold changes 
were calculated relative to the non-targeting siRNA control (All stars negative control) and normalised to GAPDH 
housekeeping gene. Values above the bars correspond to extent of knockdown for each siRNA tested. Performed with 
triplicate biological replicates. 
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3.2.4.3 GPCR Activity 

siRNAs were evaluated for their efficiency to knock down GPCR targets with the aim of 

investigating GPCR involvement in Gc signalling. MCF-7 and A549 cells were transfected with 

siRNA targeting GPR123 (Figure 3.12A-B), while Huh7 and A549 cells were transfected with 

siRNAs against GPR126 and CD97 (Figure 3.12C-F). The knock down efficiency of siRNAs against 

GPR123 were more efficient in MCF-7 compared to A549 cells; however, as baseline CT 

expression was initially very low, any silencing effects of the siRNA would be difficult to validate. 

Due to the low expression it was decided that the function of GPR123 could not be assessed in 

knockdown experiments. siRNA-1 and siRNA-2 demonstrated the greatest efficiency (>85%) of 

GPR126 knockdown in both Huh7 and A549 cells. A knockdown efficiency >89% targeting the 

CD97 transcript was achieved by two siRNAs, siRNA-9 and siRNA-12 in both A549 and Huh7 cells.  

In attempt to elucidate the downstream signalling pathways and involvement of the receptors 

in Gc signalling, cells were transfected with siRNA for 48 hours and then treated with 100nM 

Dex over an acute time course. Following lysis, cells were assessed by immunoblot using 

antibodies which recognise phosphorylated substrates downstream of PKA and PKC activity.  

For GPR126, Dex induced an increase in PKA activity up to 60 minutes in A549 and Huh7 cells 

although, siRNA knockdown had a greater effect in A549 cells (Figure 3.13). For both targeting 

siRNA, the baseline and Dex-induced levels of PKA-substrate phosphorylation is increased over 

time, suggesting that GPR126 has a suppressive effect upon Dex-induced PKA signalling.  

A similar effect was observed for PKC-substrate which was most clearly observed in Huh7 cells. 

The addition of Dex treatment increased substrate phosphorylation over time which was highest 

at 60 minutes. The interference of GPR126 expression resulted in greater phosphorylation 

signals at base line and over time, in response to Dex. This was not as evident in A549 cells and 

may represent cell-type differences. Similarly, the molecular weight distribution of 

phosphorylated PKC-substrates was different between the two cell lines, suggesting the 

potential engagement of different signalling cascades and/or cell type specific expression of 

particular substrates.  
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Figure 3.13 GPR126 engagement of PKA- and PKC-mediated signalling activity in response to Dexamethasone 

A549 and Huh7 cells were treated with siRNA targeting each GPR126 for 48 hours, the cells were then split between 6-
wells of a 6-well plate and allowed to settle. Cells were then treated with 100nM Dex over time course up to 60 minutes 
and then lysed.  Phospho-protein expression was assessed by immunoblot using antibodies specific to the substrate of 
Protein kinase A (PKA) and Protein Kinase C (PKC).  
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Knockdown of CD97 in A549 cells and immunoblotting using a PKA substrate motif antibody 

revealed an increase in baseline phosphorylation (Figure 3.14) (i.e. in the absence of Dex 

treatment). There was no observable increase in phosphorylation upon addition of Dex. Instead, 

there was a loss of intensity of bands at ~30KDa in cells with CD97 knock down. The converse 

was seen for Huh7 cells whereby the knockdown of CD97 increased the intensity of the 30KDa 

band. In the case of PKC, no definitive alterations in phosphorylation could be determined for 

cells with reduced levels of CD97.  

These results investigating activity of PKA and PKC must be interpreted with some caution, as 

staining patterns and intensities were difficult to replicate between repeats. Furthermore, 

without a functional antibody for GPCR detection the successful knockdown of the protein 

cannot be verified. 

The localisation of GRP126 and CD97 in response to Dex was investigated using 

immunofluorescence, to establish whether the localisation of the receptors are responsive to 

Gc. Cells were treated with 100nM Dex and fixed at varying timepoints following ligand addition 

(0-60 minutes; Figure 3.15). In absence of Dex, GPR126 staining is diffuse throughout the 

cytoplasm with some regions of increased intensity around the nucleus. However, there are no 

obvious chances in GPR126 localisation with Dex treatment. A comparable staining pattern was 

seen for CD97 (Figure 3.16) with regions of greater staining intensity around the nucleus in some 

cells. Nevertheless, the time course of Dex exposure did not reveal anything further about the 

relationship between the GPCRs and GR activation. These results may, in-part, be attributable 

to the issue of antibody specificity as encountered previously for immunoblotting.    
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Figure 3.14 CD97 engagement of PKA- and PKC-mediated signalling activity in response to Dexamethasone 

A549 and Huh7 cells were treated with siRNA targeting each CD97 for 48 hours, the cells were then split between 6-
wells of a 6-well plate and allowed to settle. Cells were then treated with 100nM Dex over time course up to 60 minutes 
and then lysed.  Phospho-protein expression was assessed by immunoblot using antibodies specific to the substrate of 
Protein kinase A (PKA) and Protein Kinase C (PKC).  
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Figure 3.15 GPR126 localisation in response to Dexamethasone.  

A549 cells were seeded onto coverslips and treated with 100nM Dex over a time course up to an hour. Cells were fixed, 
permeabilised and stained for GPR126 (green), F-actin by phalloidin (red) and counterstained with Hoechst 33342 (blue). 
Representative immunofluorescent images, captured on Widefield microscope x60 magnification. Scale bar: 20µm.  
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Figure 3.16 CD97 localisation in response to Dexamethasone.  

A549 cells were seeded onto coverslips and treated with 100nM Dex over a time course up to an hour. Cells were fixed, 
permeabilised and stained for GPR126 (green), F-actin by phalloidin (red) and counterstained with Hoechst 33342 (blue). 
Representative immunofluorescent images, captured on Widefield microscope x60 magnification. Scale bar: 20µm.  
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3.2.5 PRESTO-TANGO Assay to assess GPCR activity 

As an alternate approach to determine whether the identified GPCRs are directly modulated by 

GR ligands, I used the Tango assay to measure the activity of the GPCRs. This assay was 

developed by Barnea et al. (211) and subsequently modified by Kroeze et al. (109), generating 

PRESTO-TANGO (parallel-receptor-ome expression and screening via transcriptional output). In 

simple terms, this assay system couples GPCR activity to the induction of luciferase expression 

(Figure 3.17). The system uses HEK293 cells stably expressing a fusion protein of B-arrestin 

linked a protease. These cells (termed HTLA) are then transiently transfected with a construct 

encoding a fusion protein comprising the relevant GPCR. The main advantage of this assay is 

that it does not require knowledge of either the G-protein which couples to the receptor of 

interest or the outcomes of downstream signalling, making it useful for studying orphan 

receptors such as those identified in this study. Additionally, the measurable response relies only 

on the recruitment of β-arrestin and so is independent from signalling of other endogenous 

receptors (212). 

I chose to evaluate all three identified receptors; GPR123, GPR126 and CD97 as the assay would 

not be hindered by low endogenous expression of GPR123.  As a positive control I included G 

protein-coupled oestrogen receptor GPER (GPR30), which is known to be responsive to β-

oestradiol (110). The plasmids were transfected at three concentrations into HTLA cells and 

expression of the construct was assessed by detection of the FLAG-tag epitope included at the 

N-terminus of the GPCR. In order to recapitulate the tango assay procedure, cells were 

transfected for 48 hours, on day 4 post-transfection, cells were fixed to assess GPCR expression. 

Images were captured for two magnifications, (x60 shown in appendix Figure A.2) and 

quantified by calculating the ratio of positively transfected (FLAGtag+) cells to the total cells per 

FOV. Overall the transfection efficiency for all GPCRs remained low at around 10%, however this 

was in-line with the positive control GR𝛾. GPR126 showed the lowest efficiency across all 

concentrations whilst the 800ng and 1200ng concentration showed the highest ratio of 

transfected cells for GPER. Figure 3.18 shows a representative image of the distribution and 

localisation of each of the receptors. GPR123 staining is predominantly at the cell boundary and 

defined at cell protrusions, with some central speckled regions. GPR126 staining is diffuse 

throughout the cytoplasm and excluded from the nucleus with regions of more intense staining, 

an expression pattern similar to that of CD97. GPER shows broad localisation across the whole 

cell with no particular defined regions of expression.  
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Figure 3.17 Schematic of Tango assay  

GPCR PRESTO-Tango HTLA cells stably express the B-arrestin2-TEV fusion gene and tTA-dependent luciferase reporter 
gene. Plasmid insert structure: contains HA signal for nuclear localisation, FLAG tag, sequence of GPCR of interest, V2tail, 
TEV cleavage site and tTA transcription factor. HEK293 cells stably express a fusion protein of B-arrestin linked to the 
TEV protease. Cells are transiently transfected with a construct encoding the GPCR The GPCR and tTA components are 
separated by a Tobacco Etch Virus (TEV) protease cleavage site.  

Resting state the inactive GPCR is expressed at the membrane. The C-terminal tail contains extended V2 tail containing 
a TEV protease cleavage site which is joined to a tTA transcription factor. In the cytoplasm cells express B-arrestin 2 
coupled to TEV protease. Upon ligand binding and activation of the GPCR, B-arrestin2 is recruited to phosphorylate and 
inactivate the GPCR. Close proximity of the TEV protease with the cleavage site on the GPCR results in cleavage and 
release of the tTA transcription factor. This then translocates into the nucleus and drives the expression of luciferase 
reporter.  
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Figure 3.18 TANGO-GPCR expression and cellular localisation 

HTLA HEK293 cells were transfected with plasmids containing GPR123, GPR126, CD97 or GPER using fugene 6 reagent. 
Cells were transfected for 48 hours then media changed to complete media containing steroid depleted serum. Cells 
were fixed, permeabilised and stained to detect expression of the expressed protein using an anti-FLAG antibody (green), 
F-actin (red) and counterstained with Hoechst 33342 (blue). Images were obtained on widefield microscope using x60 
objective. Representative images are shown for each receptor. Scale bar:20µm  

 

The TANGO assay was performed in HTLA cells, transfected with GPCR of interest and the 

response to Dex was measured by luminescence. A construct containing the Gc-responsive 

promoter TAT3 linked to luciferase was included as a positive control to validate Gc-

responsiveness and functionality of the assay. During the optimisation of the transfection 

procedure the cells were detached and counted as an approximate measure of cell survival to 

ensure the transfection was not resulting in high levels of cell death (data not shown). Overall, 

a comparison of cell counts did not reveal any large differences between the concentrations of 

transfected DNA or by overexpression of the receptors. This provides confidence that the cells 

are viable following the transfection procedure and over expression of the receptors of interest 

is not altering the growth of the cells.  
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The viability of the cells was also investigated by MTT assay in parallel with the Dex treatments 

for the luciferase assay. In each case those transfected with highest plasmid concentration 

1200ng, showed lowest surviving fraction, both for vehicle and Dex-treated conditions. There 

was no difference between increasing concentrations of Dex, suggesting that the Gc are not 

responsible for reduced survival. Similarly, the pattern of cell survival does not appear to be 

specific to the receptor of interest as a similar survival pattern is seen for cells transfected with 

the TAT3 reporter (Figure 3.19).  

3.2.5.1 GPCR response to Gc  

The TAT3 reporter, drives the expression of luciferase as a measure of activated GR binding to 

DNA directly. The two higher concentrations of transfected pDNA demonstrated a dose-

responsive increase in luciferase activity between 10nM and 100nM Dex (Figure 3.20A) and 

demonstrates efficient transfection and measurable responsiveness to Dex. However, the assay 

efficiency for GPER was low and showed little sensitivity to β-oestradiol, and no consistent trend 

in response to the treatments between the transfection conditions. As there was no internal 

control for transfection, luciferase measurements were normalised to the surviving fraction of 

cells as measured by MTT and the reduced viability seen for GPER may be reflected by the 

TANGO result (Figure 3.19).  

A general Dex-induced decrease in luminescence was observed for the GPR123, suggesting that 

Dex addition reduces the signalling activity of the receptor. For this receptor the highest 

transfection concentration was the least responsive. A similar effect was observed for GPR126 

at the 800ng condition, with a trend towards reduced activity with Dex addition, although the 

greatest luciferase measurements were recorded for the 1200ng transfected pDNA. The 

response of CD97 was in close agreement between the 800ng and 1200ng conditions. Although, 

a slight increase in activity was observed for the 10nM and 100nM Dex conditions compared to 

vehicle, 1µM Dex was equal to the vehicle baseline levels of activity.  Although inconclusive, the 

assay provides an indication that Dex treatment has a suppressive effect upon the identified 

GPCRs. For GPR126, this inhibitory activity is consistent with the results obtained when analysing 

PKA and PKC substrates (Figure 3.13 and Figure 3.14). However, further work is required to 

evaluate the precise activity further.  
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Figure 3.19 TANGO assay assessment of cell viability in response to Dex treatment 

HTLA HEK293 cells were transfected with GPR123-TANGO, GPR126-TANGO, CD97-TANGO, GPER-TANGO or TAT3 
plasmids using fugene 6 reagent and with 3 different concentrations of pDNA to determine the best efficiency. Cells 
were transfected for 48 hours then trypsinised, counted and seeded into poly-l-lysine coated 96-well plate in phenol-
free media containing charcoal-stripped serum. Cells were allowed to adhere and were then treated with varying 
concentrations of Dex for 18 hours before adding MTT reagent for 4-hours.  (n=3) 
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Figure 3.20 GPCR response to Dexametasone by Tango assay 

HTLA HEK293 cells were transfected with GPER-TANGO, TAT3, GPR123-TANGO, GPR126-TANGO, CD97-TANGO 
plasmids using fugene 6 reagent and with 3 different concentrations of pDNA to determine the best efficiency. Cells 
were transfected for 48 hours then trypsinised, counted and seeded into ploy-l-lysine coated white-96-well plate in 
phenol-free media containing charcoal-stripped serum. Cells were allowed to adhere and were then treated with varying 
concentrations of Dex for 18 hours, the media was then removed and bright glo reagent added to each well. 
Luminescence was read using citation 5 plate reader. Luminescence was normalised to surviving fraction measured 
using MTT assay. Representative graphs shown from 3 independent experiments performed in triplicate. (n=3) 
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3.2.6 Nuclear Signals 

Many of the identified proteins which were differentially phosphorylated have functional roles 

related to regulation of transcription and chromatin remodelling (Figure 3.6B).  A number of 

chromatin adapter proteins, transcription factors and co-regulatory proteins with potential 

association with GR-mediated transcription were modified within only 10-minutes of GR-ligand 

binding. The protein interaction sub-network (Figure 3.21) was created by selecting all the 

proteins associated with the enriched ontology term: ‘Chromatin organisation’, from the 

network of proteins differentially regulated by all three GR ligands (Figure 3.6A). This highlights 

the close association of factors involved in genomic activity to regulate the accessibility of 

chromatin, such as helicase proteins and members of the SWI/SNF family ARID1A and ATRX in 

addition to chromatin remodelling factors chromodomain-helicase-DNA binding protein (CHD)3, 

CHD8 and CHD9. Bromodomain-containing proteins BRD2 & BRD3, are associated BET family 

kinases which read the chromatin and help to regulate transcription. This prompted further 

analysis in to the potential functions of these nuclear proteins. 

 

 

 

Figure 3.21 Phosphoprotein interaction sub-network of proteins associated with Chromatin Organisation  

Protein interaction subnetworks of proteins associated with enriched STRING biological function ontology. The edges 
connecting nodes represents protein-protein interaction (line thickness indicates strength of data support. Medium 
confidence (0.4). Nodes are coloured by mclcluster group.  
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3.2.7 CDKs and partner cyclins were differentially phosphorylated by Gc 

Enrichment analysis was performed to assess the molecular function of the proteins which were 

differentially phosphorylated in response to GR-activation by all three ligands (Figure 3.22A). 

This revealed the top two terms as cyclin-dependent protein kinase activity in addition to RNA 

polymerase II activity. This was due to a number of cyclin dependent Kinases (CDK)s, CDK11A/B, 

CDK12 and CDK13, as well as cyclins, Cyclin Y (CCNY), Cyclin-Y-like protein (CCNYL1), Cyclin K and 

Cyclin L-1, which were differentially phosphorylated in response to treatment with GR ligands. 

These identified proteins include cyclin-CDK complex-forming partners which are classified as 

transcription-regulating (213). 

Figure 3.22B visualises the position of phosphorylation marks for each of the CDKs and cyclins, 

against the log2 fold-change induced by each of the ligand treatments and displays both the 

quantity of phospho-marks as well as the directionality induced by each of the GR-modulators 

(i.e. whether phosphorylation was increased or decreased).  

Two distinct CDK11 genes are expressed as three protein isoforms which form complexes with 

cyclin L1 and cyclin L2. The CDK11A isoform also known as CDK11p110 is ubiquitously expressed 

whereas, CDK11B (CDKp58) is expressed in G2/M phase of the cell cycle (214) and CDKp46 is 

specifically expressed during apoptosis (215). CDK11B is shown to be dually phosphorylated on 

residues Ser589 and Thr595 and PhosphoSitePlus database predicts the threonine residue to be 

regulated by CDK7. Additionally, another serine residue was identified however sequence 

similarity could not distinguish between the isoforms. Therefore, either CDK11B Ser283 or 

CDK11A Ser271 was modified which is predicted to be a casein kinase II substrate motif.  

Cyclin L1 functions in partnership with CDK11 and mainly showed a reduction in phosphorylation 

marks by the ligands. With a total of 4 residues which were differentially modified, Cyclin L1 

showed the greatest number of modifications out of the identified cyclins. Cyclin Y and cyclin-Y-

like protein 1 were differentially phosphorylated by each of the GR ligands but are the only cyclin 

whose partner CDKs (CDK14 or CDK16), were not identified. Phosphorylation at residue Ser326 

occurs independent of CDK14 and such modification permits 14-3-3 protein binding which 

increases the affinity of the interaction with CDK14 (216). Closely related cyclin-Y-like protein 1 

also forms a complex with CDK16.  The expression of Cyclin Y is regulated by cell cycle phase and 

has been shown to localise to the plasma membrane and participate in Wnt/B-catenin signalling 

cascade.  
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Figure 3.22 Enrichment analysis of Gc regulated phosphoproteins identifies cyclin dependent kinases 

A) Functional ontology analysis of all the common proteins differentially phosphorylated by the three GR-agonists. 
Enriched terms from molecular function database. Dotted line indicating significance equivalent to adj p.value<0.05. B) 
Plots showing the position of phosphorylation and log2 fold change induced by each ligand for each of the 
transcriptional CDKs and cyclins identified by the phosphoproteomics.  
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Cyclin K couples to both CDK12 and CDK13 to form individual complexes. The Cyclin K protein 

displayed a reduction in phosphorylation upon residue Ser324 by all three ligands. CDK12 and 

CDK13 were found to show the greatest change in phosphorylation by the number of modified 

residues. There were a small number of residues within both CDK12 and CDK13 which were 

modified by Dex and GRT7 but were not significantly modified by 086X, indicating there exists 

some disparity between the responses induced by each of the ligands.  

CDK12 and CDK13 are homologues and both associate with cyclin K to form a complex; the two 

kinases have very similar kinase domains but have both overlapping and distinct functions (217). 

Compared to other CDKs, CDK12 and CDK13 are much larger molecules (Figure 3.23). In addition 

to the kinase domain, which is shared with other transcriptional kinases, CDK12 and CDK13 each 

contain low complexity, arginine-serine (RS) region within the N-terminus (218). This region is 

thought to facilitate interactions with other proteins of the RS family such as splicing factors. 

The large majority of residues which were differentially regulated are found within this arginine-

serine (RS) region for both CDK12 and CDK13 (marked with arrows Figure 3.23). NetworKIN was 

used to predict the responsible upstream kinases. For CDK12, the highest scoring kinase was 

CDK4 for Ser334. Other predicted kinases include PKCβ for Ser341 and CAMKIIα for Ser332 and 

Ser343. The highest scoring predicted kinase for CDK13 was CDK1 for residues Ser325, Ser400 

and S1147. CDK2 was also predicted to regulate the same residues in CDK13, although with not 

as high a predictive score. This provides some indication of cross-talk between cell cycle 

regulating CDKs and transcriptional CDKs in response to GR activation. The effects of the 

observed differential phosphorylation of these transcriptional kinases shall be explored further 

in the following chapter.  
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Figure 3.23 CDK12 and CDK13 structure and differentially regulated residues 

Diagram of CDK12 and CDK13 structure (based on figure from Lui et.al 2018). Arrows correspond to all of the 
differentially phosphorylated residues following 10 min treatment with GR-ligand. Blue arrow for residues appearing in 
the table below. Orange arrow represents residues with no predicted kinase from NetworKIN. Tables show the 
differentially phosphorylated residues and predicted phosphorylating kinase generated using NetworKIN using 1.5 as 
minimum score cut off. Numbers correspond to the score of the kinase for that residue. CDK: cyclin dependent kinase. 
KD: Kinase domain. PRM: Proline rich motifs. RS: Arginine/Serine rich motifs.   
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3.3 Discussion 

Analysis of the global changes in the phosphoproteome following GR activation is a powerful 

tool for understanding Gc-induced signalling mechanisms. This approach provided an insightful 

snapshot into the signalling pathways engaged shortly after ligand exposure, at a timepoint 

when GR is predominantly located within the cytoplasm. Using three potency matched ligands 

to compare the acute effect of steroidal vs non-steroidal ligands, as well as compounds which 

regulate differing genomic transcriptional profiles, and showed there was a common signature 

of differentially regulated phosphoproteins. This implies that even though the transcriptional 

response to Dex, GRT7 and 086X is distinct, the initial steps following ligand engagement and GR 

activation are shared.  

The different ligands did however, demonstrate differences in the extent of the log2 fold change 

and, in some cases, the directionality of change. These differences observed between the ligands 

are most likely due to ligand-induced changes of GR conformation following binding (186, 219), 

and would be an interesting insight into selective GR-ligands however, further investigation into 

this effect was not within the scope of this study.  

Phosphorylation is a transient modification which can alter the functional activity of a protein. 

The presence of a phosphorylation mark requires the integrated balance between both kinase 

and phosphatase activity. The GR protein itself is subject to phosphorylation by Ser/Thr kinases 

in both a ligand -dependent and -independent manner (38, 42) (summarised in Figure 1.5). 

However, GR was not identified by the phosphoproteomics as differentially phosphorylated by 

any GR-ligands. This suggests that ligand induced phosphorylation of the GR protein either: does 

not occur by 10 minutes; has not reached detectable levels, or the protein has been 

phosphorylated and dephosphorylated prior to lysis. Most published studies investigating GR 

phosphorylation use 1 hour of Gc exposure to detect changes in phosphorylation (42, 220, 221) 

and therefore detection of GR phosphorylation at the 10 minute timepoint is likely to be 

premature.  

3.3.1 Location and functionality of Gc-regulated phosphopeptides 

The diversity of the identified Gc-regulated phosphoproteins highlights the range of cellular 

processes which are affected within 10 minutes of GR-ligand binding. The subcellular localisation 

of the identified phosphoproteins demonstrates that Gc induce cellular effects reaching multiple 

compartments of the cell. The majority of proteins were predicted to be located within the 

nucleus and involved in genomic activities at a time prior to GR-nuclear entry.  
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3.3.1.1 Membrane and Cytoskeleton  

Enrichment analysis implicated the identified proteins involved in processes related to organelle 

and cytoskeleton organisation. The identification of proteins known to form functional 

complexes, such as three adductin isoforms (α,β,γ)(203), cofilin and cap1, and the identification 

of phosphorylation sites with known regulatory activity strongly supports the existence of a 

coordinated response to Gc which regulates membrane/cytoskeletal dynamics (204). Gc were 

shown to regulate the stability of the cytoskeleton network and actin filament capping and was 

detected experimentally as Dex-responsive reduction of cofilin-1 phosphorylation was detected 

5 minutes after treatment and returned to initial levels by 60 minutes. Phosphorylation 

negatively regulates cofilin-1 activity, the unphosphorylated form depolymerises actin resulting 

in instability (205). This suggests Dex rapidly and transiently destabilises the cytoskeleton. This 

may be required to redistribute actin for cellular responses such as barrier function, adhesion 

and migration, all of which are known physiological processes downstream of steroid hormone 

action (222).  

The large structural scaffold protein AHNAK was found to have the greatest number of 

differentially phosphorylated residues by all GR ligands. Closely related AHANK2 was also 

differentially modified, although the relevance of these two proteins for Gc signalling is 

unknown. AHANK has been implicated in TGF-β signalling (199), calcium homeostasis (223) as 

well as DNA repair (224).  Relatively little is known about the function of AHNAK 2, although 

homology suggests some functions may be shared. Furthermore Networkin-based prediction of 

regulatory kinases only confidently predicted PKCα to modulate one of the identified residues. 

Knowledge of the location of the modified residues, largely within N- and C-terminal regions 

may provide an indication of which processes and functions are regulated as a result of GR 

activation.  The  modified domains have been shown to be required for the assembly of 

molecular complexes, and interactions with actin, voltage-gated Ca2+ channels (225) or annexin 

A2 respectively (197, 226). AHNAK has been shown previously to form a complex with annexin 

A2 which co-localises with lipid raft components (226); both of which were differentially 

phosphorylated in this study and were suggested to functionally interact by network analysis. 

These protein complexes are involved in membrane ruffling, cell-cell contacts and endocytic 

events which may provide indication as to how AHNAK is associated with epithelial-

mesenchymal transition (EMT) and tumour metastasis (197). Future investigation into how Dex 

affects AHNAK in these processes, particularly in the context of cancer will be important.   

 

 



 

 103 

3.3.2 Implicated non-genomic pathways   

3.3.2.1 Kinase motif analysis  

Using motif analysis, I identified potential kinases which are likely involved in relaying rapid-

signals following GR activation. For all ligands, the kinases identified from the KEA2 enrichment 

largely reflect the motif analysis, including the top-identified kinases GSK3, MAPK, MTOR and 

CDKs. The network analysis highlighted three kinase clusters, CDKs, mTOR and MAPK. These 

multi-functional kinases and their associated pathways broadly regulate cell-cycle, metabolism 

and responses to external stimuli respectively, all which are well established to be modulated 

by Gc (91, 93, 95, 227). 

Many of the implicated kinases have previously been associated with Gc signalling, and although 

not detected, are capable of phosphorylating GR. GSK-3β can affect the activity of GR by direct 

phosphorylation and is required for transcriptional outputs (43, 221).  This has also been shown 

for CDK5, whereby CDK5 phosphorylated GR upon multiple serine residues and inhibition 

facilitates expression of anti-inflammatory Gc-target genes  (228, 229). The integration of 

different signalling pathways which converge to modify the phosphorylation profile of GR, has 

been suggested to direct particular patterns of transcriptional responses (36). Despite GR itself 

not being shown to be differentially phosphorylated in the phosphoproteomics analysis, the 

profile of proteins which were identified may provide a clue as to how of these kinases can affect 

GR-transcriptional outcomes.  

3.3.2.2 mTOR and CDK12 

The repressor of mRNA translation, eukaryotic translation initiation factor EIF4EBP1 (4E-BP1) 

was found to be differentially phosphorylated by Gc-ligands on residues Thr37, Ser65 and Thr70. 

Phosphorylation of these sites has been shown to result in 4E-BP1 inactivation, resulting in its 

dissociation from the complex which promotes the translation of mTORC1-dependent mRNAs.  

(227). Phosphoproteomics found acute Dex treatment induced a median reduction in 

phosphorylation of 4E-BP1, which suggests that translation is suppressed.  

Previous studies have shown that the phosphorylation of 4E-BP1 upon residues Thr37 and Thr46 

by mTOR, generates a substrate sequence which is recognised by CDK12. This pre-

phosphorylation then permits phosphorylation by CDK12 at positions S65 and T70 to release the 

mRNA 5’cap binding repressor and to promote the translation of mRNAs involved in cell 

proliferation, DNA repair and mitotic chromosome stability. Furthermore, 4E-BP1 

phosphorylated on residues Ser65 and Thr79 is localised to the mitotic spindle, in absence of 

CDK12 a number of mitotic defects occur including spindle pole detachment (230). As GR also 
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associates with the mitotic spindle to govern appropriate cell division (231).  This demonstrates 

a potential point of cross-talk between mTOR, CDK12 and GR.  

3.3.2.3 Membrane initiated Gc Signals 

An important unanswered question in Gc biology is how Gc-signals are relayed from the plasma 

membrane. Gc-induced signals at the plasma membrane, has alluded to the existence of a 

membrane-associated GR (97, 98). Closely related steroid receptors each have a related 

membrane receptor, encoded by genes distinct from that of the cytosolic nuclear receptor (212). 

This has raised the question of whether Gc-initiated signalling from the cell membrane is 

through cytosolic-GR activated at the membrane- potentially held within lipid rafts, a spice 

variant of the NR3C1 gene or mGR encoded by a distinct gene.      

Early studies investigating membrane-initiated signalling of Gc, used BSA-conjugated Gc in order 

to delineate non-genomic effects whereby Gc cannot diffuse through the plasma membrane. 

Studies using BSA conjugated Dex have been questioned due to the detection of free-non-

covalently bound Dex in some commercial preparations. However, this free Dex has since been 

shown to not be biologically available and cannot cross the plasma membrane (195), which 

supports the validity of the reported findings.    

Increased phosphorylation of p38 MAPK is induced by Dex-BSA in monocytes (91). In 

hippocampal neurons, stimulation with cortisol-BSA induces activation of PKA upstream of 

serine kinases including PKC, ERK and non-receptor tyrosine kinase src and phospholipase C 

(PLC). These responses were G-protein dependent (232, 233) suggesting the involvement of a 

GPCR in relaying the downstream signals and reveal that a spectrum of signalling activity is 

directly initiated from the membrane.  

Proteomics of cells treated with BSA-cort identified the differential expression of proteins in the 

cytoplasmic and nuclear fractions. Analysis identified pathways engaged from membrane signals 

that are known to be regulated at the genomic level by canonical GR signalling. Such pathways 

included: apoptosis, immunomodulatory and metabolic processes - providing an indication that 

rapid signals of membrane-origin may orchestrate processes to synergise with genomic effects 

(99). This corroborates my findings which suggest that non-genomic Gc-signals act to regulate 

the genomic action of GR.  

BSA-Dex has also been shown result in Ser211 GR phosphorylation within 10 minutes and 

nuclear translocation (97), but did not lead to the upregulation of GILZ expression. However, 

membrane-initiated stimulation did lead to inhibitory phosphorylation of GSK-β and subsequent 

the release of β-catenin to translocate to the nucleus and upregulate the target gene c-myc (94). 

Gc target genes are not affected which is likely to be because GR in this scenario is unliganded 
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when it traffics into the nucleus, and therefore will not bind to GREs. This suggests that Dex-

mediated signalling, arising from the cell membrane can functionally regulate gene expression.   

3.3.2.4 Cyclic AMP (cAMP) and Ca2+ signals 

The second messenger cAMP is rapidly produced following Gc stimulation (87); cAMP synthesis 

by adenylate cyclase then results in the rapid activation of PKA which can mobilise intracellular 

Ca2+ and activate transcription factor CREB. The G protein stimulatory protein Gαs is required for 

the signalling response and may be important for the regulation of certain Gc responsive genes 

(87).  

Intracellular Ca2+ flux occurs within milliseconds and can lead to immediate signalling events. 

However, the precise effect of Gc upon intracellular calcium signalling, appears be context and 

cell type dependent and have been shown to both increase and reduce basal intracellular 

calcium concentrations (88). I found the differential phosphorylation of two calcium ATPases: 

sarcoplasmic/endoplasmic reticulum calcium ATPase 2 (ATP2A2) and plasma membrane 

(ATPase1) as well as a number of Ca2+ responsive proteins.  

 

In a study using primary bronchial epithelial cells, Dex has been reported to rapidly decrease 

[Ca2+]i which prevents ATP-stimulated Cl- secretion. This effect of Dex occurs independently of 

GR via an adenylyl cyclase, PKA-dependent mechanism, terminating on the sarco-endoplasmic 

reticulum Ca2+ ATPase-pump (180). Furthermore, Dex has recently been shown to exert an 

inhibitory effect on [Ca2+] and cAMP-stimulated trans-epithelial Cl- secretion through three 

different membrane K+ ion channels. Modulation of channel activity by phosphorylation by PKA 

acting downstream of G-protein coupled activation of adenylyl cyclase in conjunction with 

GPCR-IP3-DAG signalling which activates PKC⍺ to inhibit ion channel conductivity (89). The full 

significance of Dex regulation of calcium flux and ion channel activity in non-genomic signalling 

is undetermined but such studies implicate a number of kinase pathways associated with my 

data.  

3.3.2.5 Lipid raft components 

Analysis identified the differential phosphorylation of Caveolin-1 (CAV-1) and three Cavin 

proteins: Cavin-1 (PTRF), cavin-2 (SDPR), cavin-3 (PRKCDBP)) which all components of caveolae 

lipid rafts. These cholesterol enriched organelles are important for signal transduction by 

concentrating membrane receptors and signalling proteins together to form a hub of signalling 

proteins(104, 105). The high cholesterol content of caveolae concentrates ligand for association 

with steroid receptor. For other steroid receptors (ER, AR, PR), the membrane localisation of the 
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canonical receptor in association with caveolin, is a significant mechanism for the initiation of 

extranuclear signals (104-106).  

Caveolin-1 has previously been shown to be phosphorylated in response to Dex which is 

abrogated by disrupting lipid rafts (93). GR and Caveolin-1 have been shown to co-localise (99) 

and a direct interaction between GR and caveolin-1 has been proven in A549 cells (93, 234). The 

phosphorylation of PKB is affected by Caveolin-1 KD which abrogates the anti-proliferative effect 

of Dex by blocking downstream phosphorylation of target kinases GSK-β and mTOR (93). This 

establishes the importance of the caveolae in the regulation of cell fate. Caveolin-1 knockdown 

also reduces ligand-induced phosphorylation of GR upon Ser211 in mouse neural progenitor 

cells (235) and A549 cells (93). This is reflected by changes in the GR-transcriptome. Dex-

responsive genes targets associated with proliferation, cell cycle and actin-mediated cell 

migration and anti-inflammatory processes were all differentially regulated in absence of 

caveolin-1. (194, 235). Thus, the rapid phosphorylation of caveolin-related proteins following 

Dex treatment appears to reflect an active role for caveolin-regulated pathways in the 

transmission and regulation of Dex activity.  

3.3.3 G-protein coupled receptors in Gc signalling 

Overall, multiple lines of evidence point towards the activation of a G-protein coupled 

mechanism to initiate Gc downstream signalling. The regulation of many of the predicted 

regulatory kinases of Gc modulated phosphoproteins, stems from GPCR activity, although the 

responsible receptor(s) remain unknown.  

3.3.3.1 GPER 

Similar to GR, ER can localise to the plasma membrane, in association with caveolin-1 (104, 105), 

but ER also has a distinct membrane receptor. The membrane ER receptor (GPR30 known also 

as GPER) is structurally unrelated to nuclear ER and mediates non-genomic oestrogen-

stimulated processes. Activation of the receptor activates adenylate cyclase to increase cAMP, 

resultant PKA activation and Ca2+ mobilisation occur through direct GPER-mediated activation 

of Gα subunit (236). Other reported effects include EGFR transactivation, and activation of 

MAPK and PI3K signalling (212, 236). In cancer GPER can modulate cell growth, migration and 

ER ligand-responsiveness (236).  

3.3.3.2 GPCRs are differentially phosphorylated by Gc 

The three GPCRs identified from the phosphoproteomics data set, are adhesion GPCRs - the 

second largest sub-family of GPCRs. Notably GPR30 has been classified as part of the largest 

family, the rhodopsin family (110, 211).  
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3.3.3.3 GPR123 

Tissue expression (measured by gene expression from human protein atlas) is largely restricted 

to the central nervous system, particularly the brain but is also present in the pituitary and 

adrenal gland – which are Gc-associated tissues (209, 237). Furthermore, the AGDRA1 gene was 

upregulated by Dex and the only GPCR found to show Gc-responsive expression change, which 

implicates GPR123 in Gc-activity.  I was unable to detect protein level expression of GPR123 in 

a panel of cell lines, including A549 cells – in which the phosphoproteomics that identified 

GPR123 as a target, was performed. This was attributed to unsuitable commercially available 

antibodies, which was also likely to be hampered by low levels of expression; mRNA expression 

was detectable by RT-qPCR although at low quantities. MCF-7 cells were found to have the 

highest relative-expression levels, M059K glial cells were the only brain-originating cell line 

tested but did not appear to express ADGRA1. This may be due to the malignant-transformation 

of the cells or, most likely, that they were not the most appropriate brain-originating cell-type. 

Other hormone-responsive tissue, such as brain restricted neuroendocrine cells, may have 

shown detectable expression.  

The Adgra1 KO mouse phenotype can display preweaning lethality with incomplete penetrance. 

Other phenotypes of homozygote KO mice include increased lean body mass with increased 

muscle content and a reduced level of total body fat, in addition to increased bone mineral 

content and abnormal bone structure (information from International mouse phenotyping 

consortium (238)). Such effects contrast the metabolic effects of long-term Gc treatment such 

as visceral obesity, muscle degradation and loss of bone mineral density (4), and implies a 

potential role of GPR123 in Gc biology.  

3.3.3.4 GPR126 

GPR126 is encoded by the ADGRG6 gene. The receptor is cleaved within the GAIN domain into 

the larger N-terminal fragment which forms the extracellular soluble protein part of the receptor 

and the C-terminal fragment which contains the 7-TM region. The structure of the extracellular 

N-terminal is formed of: Complement C1r/C1s, Uegf, Bmp1 (CUB), Pentraxin (PTX), Hormone 

Receptor (HormR), and GAIN domain.  Recently, by utilising sequence-based bioinformatics a 

previously unknown region of the N-terminal receptor structure has been identified in Zebrafish. 

Between the PTX and HormR is the Sperm protein, Enterokinase and Agrin (SEA) domain which 

contains an alternative splice site which affects the confirmation of the receptor which 

consequently varies the basal activity of the receptor (239). 

Tissue expression of GRP126 is detectable in most organs but is comparatively low in brain tissue 

and highly expressed in the lung, liver and bladder (209). I demonstrated that mRNA expression 
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was highest in Huh7 liver-derived and A539 lung cells, which supports current knowledge of 

GPR126 expression.  

Previous studies identify GPR126 as being involved in regulation of Schwann cell myelination 

and ear canal formation in Zebrafish (240). The involvement of GPR126 upon peripheral nerve 

development has since been confirmed as an evolutionary conserved process in mice,  and was 

also shown to affect heart development (241). KO mice generally exhibit embryonic lethality due 

to cardiac abnormalities and internal hemorrhaging, the few surviving mice are largely 

characterized by a lack of myelination in the PNS resulting in immobility (241). GPR126 is largely 

regarded as an orphan receptor although activation has been reported to be activated by type 

IV collagen – a major constituent of the basement membrane. This may be a developmental 

autocrine signal as Schwann cells secrete Collagen IV prior to myelination. During this process 

GPR126 has been shown to activate the Gαs protein to initiate cAMP-mediated activation of PKA 

signalling to drive differentiation (240). GPR126 is also implicated in angiogenesis; in both 

developmental and pathogenic contexts through the modulation of VEGFR2 transcription. 

Acting through cAMP-mediated activation of PKA and subsequent CREB activity, GPR126 

stimulates STAT5 and GATA2 expression to positively modulate the formation of blood vessels. 

GPR126 knockdown aberrantly affected endothelial cell proliferation and migration required for 

angiogenesis (242).  

3.3.3.5 CD97 

The final GPCR, CD97 is encoded by the ADGRE5 gene. CD97 is detectable in most organs except 

parathyroid glands, ovaries, pancreas and skeletal muscle, and expression is largely found on 

surface of immune cells: lymphocytes, monocytes, macrophages, DC, granulocytes and smooth 

muscle (except microglia)(209). In line with this association with the immune system, CD97 is 

unregulated upon immune cell activation. The functional role of CD97 remains unresolved but 

has been implicated cell adhesion and migration through ECM contacts. There are four known 

ligands for CD97: CD55, a negative regulator of the complement cascade (243); CD90, a small 

membrane glycophosphatidylinositol (GPI) anchored protein; integrin ⍺5β1 also known as 

fibronectin receptor (210) and Chondroitin sulphate (244), a component of the ECM. The 

specificity for each ligand is thought to be determined by the number and arrangement of EGF-

like domains in the extracellular region, itself dependent on isoform expression which is 

controlled by alternate splicing. Like other adhesion GPRs the CD97 undergoes catalytic cleavage 

at the GPS motif within the GAIN domain, before reaching the cell surface and contains a 

hormone binding domain similar to that of GPR126. The N-terminal fragment known as the 

extracellular ⍺-subunit is formed of 5 EGF domains making CD97 relatively larger than other 

adhesion GPCRs. The C-terminal fragment or transmembrane β-subunit, facilitates the non-
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covalent interaction of the receptor with other subunits to form homo- and heterodimers (210, 

244). 

I found ADGRG6 mRNA expression to be highest from THP1 monocytic cells supporting that 

CD97 is highly expressed in immune cells. Expression of CD97 is associated with multiple cancers 

and is implicated in increased invasion and metastasis. ADGRE5 gene expression is upregulated 

in breast cancer cells, including MCF7 whereby knock-down has been shown to decrease 

proliferation and migration (245). CD97 protein expression has been shown to be increased by 

GM-CSF and reduced by LPS stimulation. Treatment with LPS also alters the mRNA expression 

of the predominantly expressed isoform (EGF1,2,5). I was unable to measure any significant 

changes in CD97 expression following Dex stimulation although did not investigate isoform 

expression.  

Over expression of CD97 has been shown to reduce p65 protein expression and LPS-induced 

secretion of TNF-α, predicted to involve the nuclear translocation of PPARγ to suppress p65. 

(246) Given the reciprocal nature of p65 and GR, similar effect or involvement of GR may be 

worthy of future investigation.   

3.3.3.6 Substrate identification using immunoblotting  

Using substrate specific antibodies, I observed a potential Dex-responsive increase in PKA 

activity. Knock down of GPR126 greatly increased PKA substrate phosphorylation, particularly in 

A549 cells which suggests the receptor has an inhibitory effect. GPR126 activity has previously 

been associated with PKA and cAMP production via Gαs (240) and may induce an opposite effect 

via coupling to the inhibitory Gαi protein. The different distribution and intensity of the bands 

observed with CD97 knockdown may imply loss of engagement with particular proteins rather 

than inhibition of all downstream pathways. The effect of Dex upon PKC appeared to increase 

with Dex addition and showed greater levels of activity with GRP126 knockdown. Results from 

immunoblots are inconclusive due to technical disparities between replicates and do not paint 

a definitive picture of the activity of the GPCRs.  However, the RNAi approach provides an 

indication that the GPCRs do modulate kinase signals following Gc treatment. More rigorous 

analysis is required and could be achieved, for example, by more specific analysis of direct 

substrate targets of PKA and PKC.    

3.3.3.7 Tango Assay  

The tango assay provided a platform to investigate whether the three identified GPCRs are 

directly activated by GR ligands. This system is advantageous as the assay does not require 

knowledge of the endogenous downstream signalling pathway or high receptor expression 

levels. However, even following optimisation of the transfection procedure the results were 
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inconclusive. The viability of the cells may account for the inconclusive readings which were 

measured by MTT assay in parallel. Transfection efficiency generally increased with the 

concentration of transfected pDNA, however for all conditions and treatments the 1200ng 

resulted in the lowest cell viability. With the exception of GPR123, which had the lowest 

transfection efficiency at 1200ng but was also reflected by low luciferase readings. Nevertheless, 

the reciprocal relationship between viability and transfection efficiency may require further 

optimisation. The TAT3 reporter was included as a transfection control and was successful at 

inducing luciferase expression in response to Dex. However, there was no dose-dependent 

increase between 100nM and 1µM which could be due to sub-optimal transfection efficiency. 

For cells overexpressing the GPCRs, I did not detect an effect of Dex upon cell proliferation at 

the 18-hour timepoint. Although this may be an interesting factor to investigate further due to 

the association of GPR126 and CD97 in some cancers (108, 245, 247).  

None of the investigated receptors were validated for their activity in the original PRESTO-

TANGO publication. The authors reveal that no receptors from the adhesion family were 

attempted for validation, which is likely due to the large number of orphan members in the 

adhesion family (109). However, GPER is known to be activated by β-oestradiol and failed to 

show evidence of stimulation by the assay. A GPER-selective agonist G-1 could be utilised in 

future to validate activity (248).  

GPER is the only GRCR in this study confirmed to interact with β -arrestin 2 (212). Four arrestin 

proteins exist although, only the non-visual forms β-arrestin-1, -2 are ubiquitously expressed. 

Some receptors may preferentially interact with a particular arrestin protein (249). The 

construct used in these cells was for β-arrestin-2 recruitment only. Therefore, a potential 

explanation for inconclusive results could be that these receptors preferentially interact with β-

arrestin-1 which requires further exploration. Particularly, as β-arrestin-1 is reported to affect 

GR signalling through a direct-interaction (250). 

A further way to increase the efficiency of the assay would have been to generate stably 

expressing cells for each receptor however, this could not have been achieved within the 

timeframe of the study but would be an important element of future work.  

3.3.4 Non-Genomic Signals feed-forward to the Nucleus 

Analysis detected that the majority of modified phospho-proteins were located in the nucleus. 

The differential phosphorylation of chromatin re-modelling factors, suggest the chromatin 

landscape is modified prior to GR-nuclear entry. SWI/SNF subunits interact to recruit EP300 co-

activator protein required to modify chromatin accessibly to permit the transcription of GR-

regulated genes (251).  Differential phosphorylation was also detected on transcription factor 
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and co-regulator proteins such as AFF4 - a component of the SEC (super elongation complex) 

which acts as a central scaffold for the recruitment of other proteins involved in productive 

transcriptional progression. Furthermore, transcription regulating CDKs and their partner cyclins 

were identified, supporting the validity of the identified targets. The implications of these CDKs 

will be evaluated further in the next chapter. Overall, these findings strongly signify that the 

rapid signals following GR activation and prior to GR’s nuclear entry, modify factors potentially 

in preparation for GR’s genomic activity. These two processes are generally considered as 

independent and distinct processes and considering these processes together will advance 

understanding of GR’s complex mechanism.  

3.3.5 Biological Relevance 

The movement of GR protein within the cell is often presented in a simplified manner as the 

exact mechanism is not fully understood. Imaging often provides only a snapshot of the 

localisation of GR at a given time, which does not capture the dynamic process in its entirety. 

The conveyor belt hypothesis, presented by Kolodkin et al (252) addresses how nuclear 

receptors, such as GR, can have different localisations at rest, in addition to how cytoplasmic 

proteins come into contact with hydrophobic ligands that can get trapped in the plasma 

membrane. The theory suggests that GR is constantly shuttled between the membrane and the 

nucleus. Unliganded GR is actively transported out of the nucleus – at a faster rate than import 

therefore, only minor levels of GR are located in the nucleus when low levels of ligand are 

present. Exported GR is then shuttled back to the membrane in preparation for binding to more 

of it’s lipophilic ligand. Ligand treatment shifts this balance. High concentrations of ligand 

molecules, in relation to receptor, bind to activate GR. As a result, GR is transported into the 

nucleus and the nuclear import rate exceeds the export –nuclear GR forms stable interactions 

with chromatin, which further increases the nuclear retention time.  

 There are multiple theories regarding how Gc can induce rapid kinase signalling (summarised in 

Introduction 1.6). However, it is not clear how such a large proportion of nuclear proteins are 

differentially phosphorylated so rapidly. As GR itself does not possess kinase or phosphatase 

capacity, signalling must be initiated via other interactions. GR is phosphorylated by a number 

of kinases including MAPK and CDKs (11, 36, 38, 40) (summarised in Introduction 1.4.1), 

signifying a direct interaction.  These were also putative phosphorylating kinases of the 

differentially regulated phospho-targets. Signalling cascades, by nature, amplify signals to relay 

information quickly in order to initiate a change in cellular behaviour. Furthermore, many 

signalling cascades terminate upon transcription factors resulting in a genomic effect. Given the 

short time frame that differential phosphorylation was detected following GR ligand addition, it 

is likely that this initiated a signalling event from the membrane to reach the nucleus (93, 94).         
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Proposed theories regarding how non-genomic signalling of GR occurs are not mutually 

exclusive and the regulation of the identified phosphotargets may proceed via multiple 

mechanisms. Firstly, that the GR-ligand indirectly activates signalling, independent of GR, by 

integrating within the plasma membrane to alter the fluidity and initiate signalling from lipid 

rafts (111). Secondly, the release of signalling proteins sequestered in the GR-chaperone 

complex, permits their activation and interaction with other substrates and downstream 

signalling pathways. GR is capable of forming large complexes through two protein interaction 

domains: AF1 and AF2, which could be a potential point of recruitment for kinases and adaptors 

within the cytoplasm to modulate signalling (1, 60). Finally, GR has been shown to slow 

microtubule growth in order to shuttle towards the nucleus - which may increase the interaction 

time and potential with other kinases and substrates on the microtubules (186).  

An interesting point for consideration is that GRT7 displayed a similar phophoprofile as the other 

two ligands yet, GRT7-stimulated translocation of GR to the nucleus is delayed and has been 

shown to take up to three hours (186). This indicates that ligand-initiated signalling processes 

do not require nuclear entry of the GR-ligand complex. Similarly, as the GRT7 compound is a 

non-steroidal ligand it is less likely that the effects are solely due to ligand-induced changes in 

membrane fluidity.   

Each of these theories could be tested in a number of ways. Firstly, using siRNA knockdown of 

GR, parallel treatment with the ligands to would establish whether changes in membrane fluidity 

result in the same ligand-induced cellular effect. Microtubule inhibitors could be utilised to 

disrupt the network and delay GR translocation. This would determine whether the 

microtubules are important for interactions with effector proteins (187).  More in-depth 

exploration of the GR interactome using nuclear and cytoplasmic fractions, in A549 cells treated 

with ligands at rapid time points (up to 30 minutes), would help shed light on implicated 

proteins. The findings could then be confirmed using specific kinase inhibitors or siRNA targeting 

key upstream proteins shown to interact with GR. Modification of GR protein including a 

membrane anchored GR or mutant protein lacking NLS1 and NLS2 domains to prevent 

translocation, would help to delineate the localisation of GR in relation to which pathways are 

engaged.     

One further question to explore would be whether the profile of differentially phosphorylated 

proteins would also be observed in healthy lung epithelial cells (as opposed to an immortalised 

cell line) and whether the induced effects are shared across different tissues. GR is ubiquitously 

expressed yet, the transcriptional outcomes of GR activity are highly tissue specific (72, 78). 

Given that three GR ligands with distinct transcriptional profiles induced a similar 

phosphoproteome would support a hypothesis that the rapid cellular response following GR-
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ligand binding is a common mechanism. The outcome of which would depend on factors such 

as tissue-specific protein expression and by extension the importance of the regulated molecular 

function to that cell type. Similarly, the expression of the identified target phosphoproteins, as 

well as the effector proteins and kinases in target cells, directly affects which pathways are 

engaged. Identified biological functions which are ubiquitous such as ‘’organelle organisation’ 

and ‘chromosome organisation’, would be predicted to be shared across tissues as they maintain 

basic cellular homeostasis. Likewise, functions associated with gene expression, ‘mRNA 

processing and splicing’ would also be hypothesised to be shared although, the particular 

expressed genes would be dependent on areas of active chromatin and active transcription 

factors. More specific process such as ‘Cadherin binding’ would be predicted to be a particular 

effect of Gc upon epithelial cells.  Identifying the regulating upstream kinases of the regulated 

proteins would be important for validating such theories in addition to investigating whether 

similar a Gc-induced phosphoprofile occurs in other cell types.   

Biological functions associated with the regulation of the cell cycle are known to be affected by 

GR activation (93, 103, 253) and a number of predicted regulating kinases of the phosphotargets: 

GSK3, mTOR, CDKs are mediators of overactivated pathways in cancer. However, as the data set 

was derived from a cancer cell line then enriched functions associated with cell-cycle regulation 

could reflect the oncogenic transformation of A549 cells. Nevertheless, the nature of the 

screening to identify differentially regulated phosphopeptides by GR-ligands, in comparison to 

the vehicle should mitigate this and only identify processes affected as a result of GR-activation. 

The effect of activated-GR’s rapid engagement with these kinases and pathways requires further 

exploration to determine functional effect upon cell proliferation but may highlight a point of 

modulation which could be targeted for clinical benefit.    

3.3.5.1 Ligand Specificity 

The two compounds, GRT7 and 086X, generated by GlaxoSmithKline were developed to 

specifically target GR. Given the close evolutionary relationship there is likely to be some affinity 

of the ligands towards other steroid receptors, particularly mineralocorticoid receptor (MR).  

During development the compounds were screened to determine activity at other steroid 

receptors. pIC50 values 086X showed activity was >1000-fold greater for GR in comparison to MR 

(184). Equally GRT7 has been shown to have a minimal effect upon a MR reporter system in 

A549 cells (187). In order to demonstrate that these ligands are acting through GR-activation, 

parallel repeat experiments could be performed using a co-treatment with Spironoactone, a 

specific antagonist of the MR. However, using this approach would only validate that the 

compounds do not target MR. A more thorough approach to test ligand-receptor specificity 

would involve repeating the experiments using A549 cells subject to siRNA knockdown to reduce 



 

 114 

the expression of GR. Then measurable effects, such as phosphorylation of identified protein 

targets, could then be directly attributed to ligands acting though GR. An alternate supporting 

experiment would also involve a tetracycline (TET)-inducible system in cells such as HEK293 

deficient in endogenous functional GR. This method, as reported in Morgan et al (26)(Fig S4-6), 

would allow comparison between deficient and cells stably expressing GR in order to confirm 

GR’s role.   

3.3.6 Technical challenges  

A caveat of the SILAC phosphoproteomic experiment is that it was carried out on only one 

experimental occasion, which can reduce the robustness of the generated results. In order to 

mitigate this, a minimum of three biological replicates for each treatment were prepared in 

parallel and included in the analysis to capture biological variation. In addition, prior to LC-

MS/MS quantification samples were pooled at equal ratios to minimise experimentally-induced 

and sample-handling error. Further biological repeats would be beneficial to corroborating the 

results with the identification of a comparable phosphotarget profile. Hence, further validation 

of the findings by western blot to confirm the identified proteins are Dex-regulated 

phosphotargets is required to improve the confidence and validity of the findings.  

Phosphorylation is a highly dynamic process. Therefore, the fluidity of change in phospho-

isoforms makes quantification of the directionality of change in comparison to the vehicle 

challenging. Many identified phospho-marks were not measured with the same directionality of 

log2FC between replicates. Another limitation of SILAC phosphoproteomics, a bottom-up 

approach, is that the temporal pattern of phospho- modifications present along the full protein 

length is lost. As the protein is fragmented prior to MS, it is impossible to tell whether the protein 

is phosphorylated in two distal locations at the same time (158). 

The particular enrichment process, using titanium dioxide to select the phosphopeptides 

selectively favours serine and threonine phospho-marks and does not enrich for tyrosine 

residues. Therefore, the activity of tyrosine kinases is not detected, including non-receptor 

tyrosine kinase c-src kinase which has been shown to mediate some rapid signalling effects of 

Gc (232). 

Data mining attempts to understand the outputs of hypothesis generating methods, such as 

phospho-proteomics, are limited by the published information within databases. For example, 

network analysis of protein-protein connections are based on functional evidence and will not 

show novel-interactions. Similarly, database searches to predict regulating kinases eg Networkin 

and phosphoSite Plus, can provide an indication of the regulating kinase. However, data is often 
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from large scale studies and particular queried phosphosites, if present, have no further 

information due to lack of experimental validation. 

In order to validate the findings from the phosphoproteomics, I sought to confirm the rapid Dex-

induced change in phosphorylation status of particular residues. However, a major limiting 

factor was the commercial availability of phospho-specific antibodies, without which, the 

validation of Gc-induced phosphorylation of specific proteins was difficult. The use of substrate-

specific antibodies attempted to mitigate the challenge as they detect the cellular changes in 

phosphorylation marks regulated by a particular kinase although results were often difficult to 

interpret. Taken with the lack of functionally validated-antibodies for the GPCRs of interest to 

conform knockdown, the substrate antibodies were an imprecise method of investigating the 

downstream signals and functionality of the GPCRs.  

Instead, I chose to further investigate the differentially regulated proteins associated with 

nuclear signalling since Dex is used therapeutically for its long-lasting transcriptional effects 

upon inflammatory genes. In the next chapter I explore the relationship between two 

differentially phosphorylated kinases, CDK12 and CDK13 function and their involvement in GR 

genomic activity.  
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Chapter 4: Nuclear signals and the role of CDK12 and CDK13 in 

GR-regulated transcription  

4.1 Introduction 

Functional ontology analysis in the previous chapter implicated the regulation of RNA 

polymerase II following the rapid activation of GR. This was due to the modification of a number 

of transcription-regulating, cyclin-dependent kinases and partner cyclins.  Amongst those 

identified were CDK12 and CDK13, highly homologous kinases which both partner with cyclin K 

(254) – which was also identified as differentially phosphorylated. Active transcription is tightly 

regulated by the phosphorylation status of Rpb1, the large subunit of RNA polymerase II. The C-

terminal domain (CTD) of Rpb1 contains 52 repeats of a heptad consensus sequence (YSPTSPS); 

the serine and threonine residues are phosphorylated by these transcription-regulating CDKs. 

The precise pattern of residue phosphorylation of the CTD consensus sequence, corresponds to 

active stages of the transcription cycle (outlined in Figure 1.7). Therefore, the activity of 

transcriptional CDKs is co-ordinated to regulate RNA polymerase II processivity and co-

transcriptional processing of mRNA transcripts. This chapter aims to explore the involvement of 

CDK12 and CDK13 in the genomic action of GR using pharmacologic inhibition of CDK12 and 

CDK13. This entails examining the effect of acute treatment Dex on the phosphorylation status 

of Rpb1 CTD and subsequent effects upon GR-regulated gene expression.  

4.2 Results 

4.2.1 Dexamethasone affects the phosphorylation pattern of Rpb1 CTD 

In order to investigate the potential effects of acute Gc-induced regulation of RNA polymerase 

II activity, A549 cells were treated with Dex over a time course of 60 minutes. Cells were then 

lysed and the phosphorylation pattern of the Rpb1 CTD, was assessed by immunoblot (Figure 

4.1). Phosphorylation on the second serine residue of the CTD consensus sequence (referred to 

as Serine 2), showed a gradual increase up to 15 minutes which declined by 60 minutes. Serine 

5 (the fifth serine residue within the consensus) phosphorylation showed a similar pattern 

although, quantification of three independent experiments suggests the level of Ser5 

phosphorylation remains unchanged by Dex. Conversely, the level of serine 7 phosphorylation 

was greatest at 0 minutes and declined over the time course. These rapid changes in 

phosphorylation on Rpb1 are consistent with the pattern during early stages of transcription 

initiation, and suggests Gc signalling feeds-forward to the nucleus to prime the transcription 

machinery in preparation for genomic responses. 
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Figure 4.1 RNA Polymerase II CTD phosphorylation in response to Dexamethasone. 

A549 cells were treated with 100nM Dex over a time course up to 60 minutes. Samples were then lysed and protein 
expression was analysed by Immunoblot using 10µg protein lysates. Specific antibodies against CTD phosphorylated 
serine residues 2, 5 and 7 of the Rpb1 large subunit of RNA polymerase II and total NTD. A) Representative blots shown 
from three independent experiments. B) Densitometry was used to quantify the relative density of CTD phosphorylation 
in comparison to the NTD and normalised to β-actin. Shown is the mean ± SEM of measurements quantified from three 
independent experiments (n=3). CTD: C-terminal domain. NTD: N-terminal domain 
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To further examine the potential role of CDK12 and CDK13 upon the regulation of GR-target 

genes I used two compounds to inhibit the activity transcriptional CDKs: flavopiridol (FVP) and 

THZ531. FVP is a potent CDK inhibitor which acts by binding uncompetitively to the ATP binding 

site of CDK enzymes to inhibit kinase activity (255). Although FVP preferentially inhibits CDK9, 

the activity of other cell cycle-regulating and transcriptional CDKs including CDK7, CDK12 and 
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with 50nM or 500nM CDK inhibitors for 30 minutes then treated with 100nM Dex for a time 

course of 60 minutes. The phosphorylation status of Ser2 of the Rpb1 CTD heptad repeat was 

assessed by immunoblot, as this is the residue in which CDK12 and CDK13 preferentially regulate 

(254, 257). Figure 4.2 shows that in absence of inhibition, Dex increases the level of Ser2 

phosphorylation up to 15 minutes after which, the level of phosphorylation is reduced. This is 

consistent with the pattern demonstrated previously. Pre-treatment with 50nM FVP does not 

reduce global PSer2 levels however, the decrease in Ser2 after 15 minutes of Dex exposure as 

previously shown, is not observed. At higher concentrations of FVP, the phosphorylation levels 

are significantly reduced, although not completely abolished. This is likely due to the inhibition 

of both Ser2 kinases, CDK9 and CDK12. Specific inhibition by THZ531 does not significantly 

reduce levels of phosphorylation at either concentration in comparison to Dex alone. At 500nM 

pre-treatment shows no effect on the baseline but appears to reduce the Dex-induced increase 

in phosphorylation. Therefore, CDK12 and CDK13 may be specifically responsible for the Dex-

mediated changes in Ser 2 phosphorylation, beyond the activity of CDK9.  

I next sought to determine the effect upon phosphorylation of CTD residues at a later time point 

when activated-GR is transcriptionally active. By pre-treating cells with CDK inhibitors for 30 

minutes, cells were then treated with 100nM Dex for 4 hours to investigate the levels of Ser2 

phosphorylation. As shown in Figure 4.3 Dex alone significantly reduces the quantified level of 
pSer2 at this time point. 50nM FVP pre-treatment reduced the vehicle and Dex treated levels of 

Ser2 below 50% of the normalised level of that in absence of CDK inhibition. At 500nM the effect 

was maintained but not decreased any further. THZ531 also reduced the relative density of 

detected Ser2 phosphorylation to below half that of the condition without CDK inhibition, for 

both high and low concentrations. In addition, Dex treatment demonstrated a significant 

reduction in the quantified levels of Ser2 phosphorylation in comparison to the vehicle, again 

supporting that Dex affects Ser2 phosphorylation dynamics upon RNA polymerase II.  

A recent study by Tellier et.al (258), suggested that CDK12 may also be a Ser5 kinase therefore I 

also investigated the Ser5 phosphorylation status as previously described. Pre-treatment with 

the CDK inhibitors resulted in a small reduction in phosphorylation across all conditions in 

comparison to the DMSO-vehicle. Although, for both inhibitors, THZ531 in particular, the 

reduction was not to as great an extent as the reduction in pSer2. Likewise, no significant Dex-

mediated effects were measured for pSer5 in comparison to the vehicle.  From this it would 

appear that Dex increases Ser2 phosphorylation at early timepoints which later leads to a 

reduction but that the effects on Ser5 phosphorylation are less pronounced.   
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Figure 4.2 Effect of CDK inhibition on Rpb1 CTD Serine 2 phosphorylation with acute Dexamethasone treatment 

A549 cells were pre-treated with FVP or THZ531 (either 50nM (A) or 500nM (B)) before being treated with 100nM Dex 
over a time course up to 60 minutes. Samples were then lysed and protein expression was analysed by Immunoblot 
using 10µg protein lysates. Specific antibodies against CTD phosphorylated serine 2 residue of the Rpb1 large subunit 
of RNA polymerase II and total NTD. Representative blots are shown from three independent experiments. Densitometry 
was used to quantify the relative density of CTD phosphorylation in comparison to the NTD and normalised to β-actin 
(50nM Inhibitor (C), 500nM inhibitor (D)). Shown is the mean ± SEM of measurements quantified from three 
independent experiments (n=3). Statistical analysis was performed using two-way ANOVA with Tukey’s post-hoc 
multiple comparisons test comparing the mean of treatment with the mean of every other. **P ≤ 0.01, **** P ≤0.0001. 
CTD: C-terminal domain. NTD: N-terminal domain.  
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Figure 4.3 Effect of CDK inhibition on Rpb1 CTD phosphorylation with Dexamethasone treatment 

A549 cells were pre-treated with FVP or THZ531 (either 50nM or 500nM) before being treated with 100nM Dex for 4 
hours. Samples were then lysed and protein expression was analysed by Immunoblot using 10µg protein lysates. Specific 
antibodies against CTD phosphorylated serine residues 2 (A) and 5 (C) of the Rpb1 large subunit of RNA polymerase II 
and total NTD. Representative blot is shown from three independent experiments. Densitometry was used to quantify 
the relative density of CTD phosphorylation in comparison to the NTD and normalised to β-actin (B&D). Shown is the 
mean ±SEM of measurements of three independent experiments (n=3). Statistical analysis was performed using two-
way ANOVA with Tukey’s post-hoc multiple comparisons test comparing the mean of treatment with the mean of every 
other. *P≤0.05,***P ≤ 0.001, **** P ≤0.0001. CTD: C-terminal domain. NTD: N-terminal domain.  
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4.2.2 CDK12 and CDK13 inhibition reduces Dex-induced target gene expression 

In attempt to test whether the observed changes in RNA polymerase II phosphorylation might 

regulate GR-dependent transcription, I looked at the expression of genes known to be directly 

activated by GR.   A549 cells pre-treated with either FVP or THZ531 for 30 minutes were then 

exposed to 100nM Dex for a further 4 hours, the mRNA expression of classic Gc-response genes 

was then analysed by quantitative (q) RT-PCR. In line with the broad suppressive action of FVP 

upon transcriptional processes, 500nM FVP abolished the relative expression of each of the 

classic GR response genes for both the vehicle and Dex treated cells (Figure 4.4). A 10-fold lower 

concentration of FVP, maintained Dex-mediated induction of the canonical GR target genes. 

While the expression of GILZ and DUSP1 display a more pronounced reduction by FVP, NFKIBA 

(IκBα) and PER1 display little measurable difference comparison to no CDK-inhibition. The dose 

dependent difference is somewhat reflected by the CDK12 and CDK13 specific inhibitor THZ531. 

There were minimal differences in the Dex-induced expression of direct GR target genes at 50nM 

THZ531, compared to no inhibition. At 500nM THZ531 the magnitude of Dex-induced 

upregulation of genes GILZ, PER1 and DUSP1 is suppressed in comparison to DMSO. The 

expression of NFKBIA is not reduced to a comparable extent implying selectivity for a sub-set of 

Gc target genes. Furthermore, in the presence of CDK12 and CDK13 inhibition, the expression 

level is not significantly different from the vehicle. Importantly, no significant changes in the 

vehicle baseline expression of genes treated with THZ531, which suggests the observable 

differences are not due to reduction of global transcription.  
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Figure 4.4 Expression of Gc-response genes following inhibition of CDK12 and CDK13 

A549 cells were pre-treated with FVP or THZ531 (50nM or 500nM) for 30 minutes followed by 100nM Dex treatment 
for 4 hours. Cells were lysed, RNA extracted and gene expression was quantified by taqman RT-qPCR. The fold change 
in expression of Gc-regulated genes GILZ (A), PER1 (B), DUSP1 (C), NKFBIA (D) were calculated relative to vehicle treated 
control and normalised to GAPDH housekeeping gene. Data is presented as the mean fold change ± SEM of three 
independent experiments (n=3).  Statistical analysis was performed using two-way ANOVA with Tukey’s post-hoc 
multiple comparisons test comparing the mean of treatment with the mean of every other. *P<0.05, **P<0.01, 
***P<0.001.  
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4.2.2.1 Dex-induced gene repression is maintained with CDK12 and CDK13 inhibition 

As a potent modulator of inflammatory responses, a vital role of GR function is downregulating 

the expression of pro-inflammatory cytokines. GR tethers to active pro-inflammatory 

transcription factors bound to the promoter regions of IL-6 and CXCL8 (IL8) to suppress their 

transcription (116, 129). To determine the effect of CDK inhibition upon genes that GR 

downregulates, A549 cells were pre-treated with inhibitors as before which was followed by 

stimulation with inflammatory molecule 10ng/ml TNF-α for 1 hour (to stimulate target gene 

expression), before Dex addition. A potent Dex-mediated suppressive effect upon TNF-induced 

IL-6 and IL-8 expression was observed in absence of CDK inhibition, whist FVP and THZ531 both 

reduced the extent of TNF-α -induced induction of both IL-6 and IL-8 (Figure 4.5). Additionally, 

the repressive effect of Dex upon cytokine expression was maintained in the presence of the 

inhibitors. This indicates that CDK12 and CDK13 activity may be important for the TNF-α - 

induced expression of cytokines but are less important for GR-tethering (and resultant 

repression) as the Dex-mediated response is comparable to that observed without inhibition.     

Upon initial characterisation of the compound THZ531, Zhang and colleagues reported a select 

number of genes which were significantly downregulated by inhibition of CDK12 and CDK13 

alone (256). The observed dose-dependent downregulation identified the most sensitive genes 

related to the DNA-damage response, including BRCA1. I investigated the expression of BRCA1 

in A549 cells treated with Dex following pre-inhibition of CDKs to validate their activity. This 

found expression to be most greatly reduced by 500nM THZ531 in line with previous association 

of CDK12 in regulation BRCA1 expression (259). FVP treatment also significantly reduced BRCA1 

expression in comparison to no CDK inhibition, which is most likely due to suppression of CDK12 

activity.  For all conditions there were no significant effect of Dex upon the expression of BRCA1 

(Figure 4.6A).  

To ensure that the attained differences in gene expression were not a result of a global 

repression of transcriptional activity, the baseline transcriptional activity of two housekeeping 

genes GAPDH and ACTB1 was compared for each of the conditions tested. Importantly, the CT 

values for each gene do not vary with significantly inhibition of CDK through the use of FVP or 

THZ531 (Figure 4.6 B&C).  
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Figure 4.5 Expression of Gc-repressed genes following inhibition of CDK12 and CDK13 

Gene expression analysis of GR-repressed inflammatory genes. A549 cells were pre-treated with FVP or THZ531 (50nM 
or 500nM) for 30 minutes, 10ng/ml TNF-a for one hour then 100nM Dex for a further 4 hours. Cells were lysed, RNA 
extracted and gene expression was quantified by taqman RT-qPCR. Fold changes of IL-6 (A) and CXCL8 (B) were 
calculated relative to vehicle treated control and normalised to GAPDH housekeeping gene. Data is presented as the 
mean fold change ± SEM of three independent experiments (n=3). Statistical analysis was performed using two-way 
ANOVA with Tukey’s post-hoc multiple comparisons test comparing the mean of treatment with the mean of every 
other.**P<0.01,****P<0.0001.  

  



 

 125 

 

 

Figure 4.6 Assessment of CDK inhibition upon gene expression  

A) A549 cells were pre-treated with FVP or THZ531 (50nM or 500nM) for 30 minutes followed by 100nm Dex treatment 
for 4 hours. Cells were lysed, RNA extracted and BRCA1 gene expression was quantified by taqman RT-qPCR. Fold 
changes were calculated relative to vehicle treated control following normalisation to GAPDH housekeeping gene. Data 
is presented as the mean fold change and standard error of the mean ±SEM of three independent experiments. (n=3). 
(B & C) CT values of ACTB and GAPDH housekeeping genes from taqman RT-qPCR, displayed as a measure of baseline 
transcription for all treatments. Coloured points represent the mean CT value with error bars displaying the standard 
deviation of measurements from three independent experiments. Statistical analysis was performed using two-way 
ANOVA with Tukey’s post-hoc multiple comparisons test comparing the mean of treatment with the mean of every 
other. This revealed no significance between housekeeping gene CT values. *P<0.05,**P<0.01.  
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4.2.2.2 THZ531 reduces reporter activity by direct TF binding 

To further investigate the effect of CDK12/CDK13 inhibition upon the recruitment and activation 

of transcription at classical GR and NF-κB response elements, A549 cells were co-transfected 

with firefly and renilla luciferase reporter plasmids. Then cells were treated with TNF-α and/or 

Dex in the presence of 500nM THZ531. The TAT3-TATA plasmid contains trimerized GRE and is 

therefore, a site of direct GR binding(260), whilst the NRE reporter contains canonical binding 

sites for p65 /p50 complexes containing a NF-κB response element, which GR can then tether to 

(62, 129). 

The nature of the assay requires overnight treatment of the cells, to ensure a detectable signal 

of firefly luciferase is produced. However, is was noted that across three individual replicates 

that cells treated overnight with inhibitors had reduced cell numbers. This was quantified by 

assessing the confluency of cells in the wells prior to lysis (Figure 4.7A), and confirms a reduction 

in all conditions treated with THZ531. This effect is mitigated by the inclusion of the renilla 

reporter which is transfected alongside the firefly constructs to act as an internal transfection 

control. The signal of firefly luciferase is normalised to the renilla signal which will be 

proportional to the total number of transfected cells present.   

In the absence of THZ531, the cells transfected with the TAT3 construct show an increase in 

reporter expression with increasing doses of Dex. In the presence of THZ531 the level of 

expression is reduced suggesting that transcriptional activation is impeded by CDK12/CDK13 

inhibition, but not abolished (Figure 4.7B).  In the context of inflammation, TNF-α increases the 

expression of the reporter although a Dex-dependent reduction in expression is not observed. 

CDK12/CDK13 inhibition reduces the TNF-α -induced increase in activity however the addition 

of Dex appears to have no further effect.  This reflects the effect upon gene expression, which 

strengthens the suggestion that CDK12/CDK13 are involved in the upregulation of genes by the 

direct binding of transcription factors to promoter regions. The repressive mechanism of GR 

tethering to transcription factors are less affected by inhibition of CDK12/ CDK13.  
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Figure 4.7 The effect of THZ531 at GR and p65-regulated promoters. 

A549 cells were transfected with TAT3 or NRE reporter plasmids alongside renilla constitutive reporter vector. At 24 
hours post transfection cells were seeded into 24 well plates in CSS media. Cells were then treated overnight with varying 
concentrations of Dex (1nM-1µM) in the presence of 10ng/ml TNF-α and 500nM THZ531, where indicated. Following 
treatment and prior to lysis, cells were imaged to assess cell confluency which was quantified using image-J PHANTAST 
plugin (A). Data is presented as the level of confluency (0-1) for each condition. Cells were then lysed and lysates were 
assessed to quantify the level of firefly and renilla luminescence (B). Data is presented as the relative luminescent units 
of firefly:renilla (F/R) for each condition, for the mean ±SEM of each condition, individual dots represent mean values 
from each experimental repeat. (n=3) RLU, Relative luminescence units.  
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4.2.2.3 THZ531 does not affect GR and p65 nuclear translocation 

I also assessed whether the translocation dynamics of the GR and p65 transcription factors were 

affected by THZ531, which could underlie differences in genomic responses. A549 cells pre-

treated with 500nM THZ531 were then treated with 10ng/ml TNF-α and 100nM Dex. The timing 

of TNF-α stimulus was added both as a 1-hour pre-treatment and in conjunction with Dex, to 

ensure the timing of inflammatory stimulus does not affect the extent of translocation. 

Immunofluorescence staining reveals that Dex and TNF-α treatment induces the nuclear 

translocation of GR and p65 respectively (shown in Figure 4.8A and quantified in Figure 4.8B).  

THZ531 does not disturb the translocation dynamics of GR or p65 following ligand stimulation 

and nuclear:cytoplasmic ratios are comparable between conditions based on the status of CDK 

inhibition. Therefore, any transcriptional differences are not due to reduced entry of the 

transcription factors into the nucleus.     
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Figure 4.8 Effect of THZ531 upon GR and p65 translocation 

A549 cells were seeded onto coverslips and pre-treated with 500nM THZ531 for 30 minutes. Cells were then treated 
with 100nM Dex, 10ng/ml  TNF-a individually or in combination for 1 hour, or treated with TNF-a for 2 hours with Dex 
added for the final hour. Cells were fixed, permeabilised and stained for p65 (green), GR (red) and counterstained with 
Hoechst 33342 (blue). (A) Representative immunofluorescent images of three independent experiments captured on 
Widefield microscope x60 magnification. Scale bar: 20µm Quantification of nuclear:cytoplasmic (N:C) ratio of p65 and 
GR using Cell profiler software (B). Data is presented as the mean N:C ratio per field of view and standard deviation for 
three independent experiments. Statistical analysis was performed using two-way ANOVA with Bonferroni’s multiple 
comparisons test and revealed no significance between DMSO and THZ531 treated samples for all conditions (n=3).  
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4.2.3 Transcriptome profiling   

Results described above suggest that inhibition of CDK12 and CDK13 affects Gc-regulated 

transcription. I therefore performed RNA-sequencing to gain a more global understanding of the 

role of CDK12 and CDK13 in GR-mediated transcriptional processes. A549 cells were pre-treated 

for 30 minutes with 500nM THZ531 followed by a 4-hour treatment with 100nM Dex. These time 

points were chosen to provide a window to identify the immediate GR-mediated transcriptional 

effects or defects following the inhibition of CDK12 and CDK13 activity, and to minimise resultant 

transcriptional effects downstream of GR activity (via GR-Dex mediated changes in the 

expression of other transcription factors).  

The Pearson correlation matrix in Figure 4.9A shows an R2 >0.98 between samples and indicates 

close gene expression pattern between replicates, which is important to verify reliability of the 

downstream analysis. The Dex condition correlates most closely with the control group (R2 

=0.956-0.963) and furthest from THZ531 alone (R2 =0.879-0.886), whilst the two groups treated 

with THZ531 have the closest similarity (R2 =0.969-0.972). Principal component analysis reflects 

the close clustering of the technical replicates and reveals distinct separation of each of the 

treatments (Figure 4.9B &C).  

 

Figure 4.9 Correlation and Principle component analysis.  

A) Pearson correlation coefficient matrix to compare the correlation of gene expression between samples. Colouring 
based on R2 value. B) Principle component analysis (PCA) for each sample in 2 dimensions (2D) and (C) 3D. Produced by 
Novogene 
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Figure 4.10 Differentially expressed genes and hierarchical clustering for each experimental group. 

A) Differentially expressed gene counts, including direction of differential expression (up/down) and total for each group 
as specified on y-axis. B) Overlapping venn of differentially expressed genes (DEG). Comparison of DEG for each 
treatment condition in comparison to the vehicle control. Values correspond to all genes with a stringency DESeq2 
padj≤0.05 only, no fold change stringency applied. C) FPKM hierarchical cluster analysis for all genes regulated by each 
condition using the log2(FPKM+1) value of differentially expressed genes, shared for all samples in the four treatment 
groups. Red represents genes with high expression and blue represents genes with low expression. Stringency: p<0.01. 
Log2FC ±1. DEG: Differentially expressed gene. THZ:THZ531. FPKM:  Fragments per kilobase of exon per million.  
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Figure 4.11 Gene length correlation of differentially regulated genes 

A) Box plot comparing the length of genes which were found to be differentially regulated in comparison to the vehicle 
control for each treatment condition: Dex, THZ531 + Dex and THZ531. B) Scatter plots representing individual gene 
lengths against the log2fold change induced by each condition vs the vehicle control.  
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4.2.3.1 Differential gene expression analysis 

To fully understand the changes induced by each experimental condition, differential expression 

analysis was performed in comparison to the vehicle control. I also included a comparison of the 

differential expression between THZ531+ Dex treated samples and Dex alone with aim to define 

the set of genes which are affected by inhibiting CDK12 and CDK13 away from the expression 

level induced by Dex. In Figure 4.10A, the counts of significantly (DESeq2 padj≤0.05 ) 

differentially expressed genes (DEG) are shown for each comparison, as well as the proportion 

of genes regulated either up or down (prior to any log2fold change threshold) are shown. A total 

of 3034 genes are regulated by Dex, although a far greater number of genes are regulated in the 

presence of THZ531 (THZ531 vs control= 10211, THZ531+Dex vs control = 10480). This reflects 

the fact that Dex targets a single transcription factor (GR) whereas THZ531 modulates CDK12 

and CDK13 which themselves modulate several cellular processes, including multiple 

transcription factors. The largest number of differentially expressed genes (11383) is seen for 

THZ531 + Dex vs Dex. There were no large disparities between the proportion of up and down 

regulated genes for any condition; importantly, this suggests that inhibition of CDK12/ CDK13 

does not result in a global loss of transcriptional activity at this time point.  

The Venn diagram-based comparison of the significantly DEGs for each treatment group in 

Figure 4.10B, confirms that a large number of genes (10,211) are perturbed by THZ531; alone 

and in the presence Dex. Of these 1548 + 329 are also regulated by Dex alone which accounts 

for over half of the 3034 genes regulated by Dex. The condition treated with THZ531 in the 

presence of Dex shows the greatest overlap with THZ531-alone, likely due to the large number 

of genes affected by THZ531.       

The hierarchical cluster analysis on the DEGs for each group indicates two predominant clusters 

of expression (Figure 4.10C). The first shows down regulation of genes treated with THZ531 

(THZ531 alone and THZ531+ Dex) which are upregulated by Dex and the control condition. 

Whilst the next cluster shows an upregulation of THZ531-treated samples and the same genes 

are down regulated by Dex and the control group. There are two clusters of genes which are 

regulated in the same direction by Dex and THZ531+Dex and the opposite direction by THZ531 

alone and the control yet these contribute to a small overall proportion of DEGs.  

Inhibition of CDK12 and CDK13 by THZ531 has previously been reported to affect the expression 

of long genes due to preference for intronic alternate poly-adenylation sites(261). Plotting the 

distribution of the length of all the protein coding genes whose expression was significantly 

regulated by each of the conditions shows that the median and interquartile range of gene 

length is similar between the three treatment groups (Figure 4.11A). There is no significant 

difference in gene length between the two conditions treated with THZ531 however, both the 
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median and mean gene length of differentially regulated genes is greater in the Dex treated 

condition. The range is greater for the two groups treated with THZ531 in comparison to Dex 

alone and extends to include genes with a shorter length compared to Dex treatment alone. 

When comparing the gene length against the induced log2fold change (Figure 4.11B), the 

treatment with THZ531 does not reveal an enrichment or bias towards a greater perturbation 

of the expression of longer genes.  

4.2.3.2 Enriched Ontologies 

The volcano plot of Dex-regulated genes (Figure 4.12A) identifies some of the most significant 

up-regulated (DEG) as well established Gc targets such as DUSP1 and FKBP5 in addition to cell 

adhesion protein cadherin 16 (CDH16). The most significantly down regulated genes following 

Dex treatment were cytochrome p450 family 24 subfamily member (CCP24A1), growth 

differentiation factor 15 (GDF15) and solute carrier (SLC7A11). Application of a log2fold change 

threshold of 1 (Figure 4.12B), displays the distribution Dex-regulated genes which shows a 

predominance towards gene upregulation.  

Dex-regulated genes have previously been classified into two broad categories: stress response 

and development which encompasses accepted functions of Gc-signalling (76). KEGG enriched 

pathway analysis of the genes regulated by Dex identifies: Osteoclast differentiation, ErbB 

signalling and TNF signalling pathway as the top three terms (Figure 4.12C). ErbB family of 

tyrosine kinase receptors relay downstream signals in response to extracellular growth factors. 

The response encompasses a vast spectrum of cellular responses involving kinase signalling 

required for cell proliferation, differentiation, migration and survival (262). Similarly, cross-talk 

between GR and TNF-α signalling is a fundamental aspect the anti-inflammatory action of GR. 

Therapeutic does of Gc promote osteoclast maturation and survival, whilst favouring osteoblast 

apoptosis. The skewed balance between bone ossification and resorption underlies the 

pathogenesis of Gc-induced osteoporosis (263)  - a detrimental characteristic of Gc therapy. 

Such terms reflect the involvement of GR regulated genes in both developmental cell 

differentiation and the homeostatic response to stress.  

Other enriched pathways denote the well-known involvement of Gc in the regulation of 

inflammation pathways including NF-κB signalling pathway and cytokine-cytokine receptor 

interaction (5, 9, 72). Further assessment of the ontology of the Dex-regulated genes reveals 

biological processes related to circulatory system, response to steroid hormone in addition to 

cell migration and adherence (Figure 4.13).  

The enriched molecular function of the regulated genes is associated with transcriptional activity 

such as RNA polymerase II proximal promoter-sequence specific binding and transcription 



 

 135 

corepressor activity, consistent with the action of liganded-GR as a transcriptional regulator. Cell 

adhesion molecule binding, actin binding and GTPase binding are enriched terms which indicate 

processes associated with cellular response to external signals and is reflected by enriched terms 

associated with cellular component relating to the actin cytoskeleton, cell-cell junctions, focal 

adhesion and membrane rafts. Together these enriched processes and functions, highlight how 

genes-regulated by Dex underlie many know aspects of Gc biology associated with development, 

wound healing and immune regulation(5, 46).  

 Assessment of the most significantly upregulated genes following treatment with THZ531 alone 

(Figure 4.14) reveals a number of early response genes including AP-1 proteins Jun and JunB, 

immediate early response (IER)3, IER2, IER5 and EP300 interacting inhibitor of differentiation 

(EID3). Genes with reduced expression included mitochondrial antiviral signalling protein 

(MAVS), tensin 4 (TNS4) and protein phosphatase 1 regulator subunit 10 (PPP1R10).  Figure 

4.14B shows the distribution of the differential-expression change of THZ531-regulated genes 

and shows the large majority of genes are downregulated as a result of CDK12/CDK13 inhibition. 

KEGG pathway analysis identifies terms including proteasome, ribosome and oxidative 

phosphorylation as well as disease-related terms such as Parkinson disease and prion disease 

which may indicate a role in protein folding and turnover (Figure 4.14C). The top identified 

biological processes associated with THZ531-regulated genes relate to mRNA catabolic 

processes and protein targeting to the ER which again suggest CDK12 / CDK13 are important for 

the correct processing of mRNA for translation by ribosomes and subsequent protein folding 

and sorting (264). The enriched molecular functions of the regulated genes include cell adhesion 

molecule and cadherin binding, ubiquitin-protein ligase binding as well as transcription co-

repressor activity (Figure 4.15). Ribosome-related terms are a predominant cellular component 

reflecting involvement in protein translation while the terms cell-substrate junction and focal 

adhesion indicate cellular sensing of the external ECM. 

THZ531 treatment in the presence of Dex, reveals the top upregulated genes to include classic 

Gc response genes TSC22D3 (GILZ), PER1 and serum glucocorticoid kinase 1 (SGK1). Other 

upregulated genes include the AP-1 constituent FOS and cyclin dependent kinase inhibitor 1C 

(CDKN1C) which can both regulate cell proliferation (Figure 4.16A). The top downregulated 

genes MAVS and PPP1R10 are the same as that seen with THZ531 alone, other factors include 

proto-oncogene c-Src and oxidative stress induced growth inhibitor 1 (OSGN1). As with THZ531 

alone, this condition favours the down-regulation of target gene although a large number are 

significantly upregulated Log2fold change (FC)>1 indicating that global transcription is not 

inhibited (Figure 4.16B). The enriched KEGG pathways also largely reflect the terms enriched by 

THZ531 with the addition to carbon metabolism and glycolysis / gluconeogenesis (Figure 4.16C). 
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The similarities are likely due to the large number of genes where are significantly affected by 

inhibiting CDK12/CDK13. Likewise, the enriched biological processes as associated with mRNA 

catabolic processes and localisation and protein targeting. The top molecular function of the 

regulated genes is chromatin binding which indicates a role in genome accessibility and stability, 

whilst the top cellular components are again associated with cell-substrate junction, focal 

adhesion and ribosomes (Figure 4.17). Given the large number of genes which are affected by 

inhibition of transcriptional kinases CDK12/CDK13, I found little separation between the THZ531 

and THZ531 + Dex conditions. In order to understand the relationship between CDK12/CDK13 

and GR, the analysis required a more specific approach to identify the particular gene subsets of 

interest.  
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Figure 4.12 Dexamethasone-regulated genes  

(A) Volcano plot of all genes differentially regulated by Dex in comparison to the vehicle. No stringency cut off.  (B) 
Distribution plots of differentially expressed genes against their log2FC in comparison to the vehicle.  Padj <0.01. Log2FC 
±1. (C) KEGG enriched pathways from genes differentially regulated by Dex. Gene ratio calculated based on the number 
of genes in the gene set against the total number of genes associated with the term. Dot colour corresponds to the padj 
value, for the significance or term enrichment. Dot size corresponds to the number of genes implicated in the term. 
Created using clusterprofiler     

 



 

 138 

 

Figure 4.13 Enriched functional ontologies of all Dexamethasone-regulated genes. 

Gene ontology analysis of genes differentially regulated by Dex in comparison to the vehicle control. For Biological 
processes (A), molecular function (B) and cellular component (C). Gene ratio calculated based on the number of genes 
in the gene set against the total number of genes associated with the term. Dot colour corresponds to the padj value, 
for the significance or term enrichment. Dot size corresponds to the number of genes implicated in the term.    
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Figure 4.14 THZ531-regulated genes 

 (A) Volcano plot of all genes differentially regulated by THZ531 in comparison to the vehicle. No stringency cut off. (B) 
Distribution plots of differentially expressed genes against their log2FC in comparison to the vehicle.  Padj <0.01. Log2FC 
±1. (C) KEGG enriched pathways from genes differentially regulated by THZ531. Gene ratio calculated based on the 
number of genes in the gene set against the total number of genes associated with the term. Dot colour corresponds to 
the pAdj value, for the significance or term enrichment. Dot size corresponds to the number of genes implicated in the 
term. Created using clusterprofiler.    
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Figure 4.15 Enriched functional ontologies of all THZ531-regulated genes. 

Gene ontology analysis of genes differentially regulated by THZ531 in comparison to the vehicle control. For Biological 
processes (A), molecular function (B) and cellular component (C). Gene ratio calculated based on the number of genes 
in the gene set against the total number of genes associated with the term. Dot colour corresponds to the pAdj value, 
for the significance or term enrichment. Dot size corresponds to the number of genes implicated in the term.    
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Figure 4.16 THZ531 and Dexamethasone -regulated genes 

(A) Volcano plot of all genes differentially regulated by THZ531 + Dex in comparison to the vehicle. No stringency cut 
off. (B) Distribution plots of differentially expressed genes against their log2FC in comparison to the vehicle.  PAdj <0.01. 
Log2FC ±1. (C) KEGG enriched pathways from genes differentially regulated by THZ531 + Dex. Gene ratio calculated 
based on the number of genes in the gene set against the total number of genes associated with the term. Dot colour 
corresponds to the pAdj value, for the significance of term enrichment. Dot size corresponds to the number of genes 
implicated in the term. Created using clusterprofiler     
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Figure 4.17 Enriched functional ontologies of all THZ531 and Dexamethasone-regulated genes. 

Gene ontology analysis of genes differentially regulated by THZ531 in comparison to the vehicle control. For Biological 
processes (A), molecular function (B) and cellular component (C). Gene ratio calculated based on the number of genes 
in the gene set against the total number of genes associated with the term. Dot colour corresponds to the pAdj value, 
for the significance of term enrichment. Dot size corresponds to the number of genes implicated in the term.    
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4.2.3.3 Dex-regulated genes which are affected by THZ531 

The primary goal of the RNA-seq analysis was to understand the relationship between GR and 

CDK12/CDK13, most importantly the role of the CDKs upon the regulation of GR-target genes. 

To achieve this, I aimed to identify genes constituting two key groups for further analysis: Group 

1 - Dex regulated genes which are affected by inhibition of CDK12 and CDK13 and Group 2 - Dex 

regulated genes which are independent of CDK12 an CDK13. Using DEG gene lists (Dex vs Control 

and THZ531+Dex vs Dex) to define these gene sets - group one consisted of shared genes which 

were regulated by Dex whose expression was significantly altered with THZ531 pre-treatment, 

away from the level of expression induced by Dex alone. Group two represents genes from the 

aforementioned gene lists which were significantly regulated by Dex and excluded from the set 

of genes that a significantly regulated by THZ531+ Dex.  

For enrichment analysis, I compared different thresholds and determined that a log2 fold change 

threshold of ± 0.5 with an adjusted p value threshold of p<0.01 was acceptable. As to include a 

high P value stringency but lower fold change cut off to include a larger number of genes 

sufficient to obtain significantly implicated gene ontologies with aim to understand regulated 

processes.  

The overlapping groups of genes including the directionality of differential expression using this 

stringency, are shown in the Venn and proportionality in the pie charts (Figure 4.18A&B). 60.6% 

(594 genes) of Dex-up-regulated genes and 46.6% (292 genes) of Dex-down-regulated genes are 

affected by THZ531, which indicates that THZ531 has a greater effect upon the expression of 

genes up-regulated by Dex. There also remains a proportion of genes which are not significantly 

altered by inhibiting CDK12/CDK13 (387 up and 335 down) which reflects the notion that 

CDK12/CDK13 affect the expression of a subset of GR-regulated genes.  

4.2.3.4 Ontology of Dex-regulated genes affected by THZ531 

Gene ontology analysis of all the intersecting genes (total 886 genes) (Figure 4.18C&D) reveals 

an enrichment of biological processes associated with regulation of transcription from RNA 

polymerase II promoter, regulation of cell proliferation and apoptotic processes. The enriched 

molecular functions of this gene set mostly relate to regulatory region DNA binding and 

transcription factor activity implicating a significant impact on transcriptional processes and 

regulation of gene expression. This contrasts the processes associated with the 722 genes which 

are regulated by Dex only. Enriched terms for these genes are associated with protein 

phosphorylation and kinase activity, which may represent a connection to genes encoding 

proteins involved in the non-genomic signalling activity of GR.  For example: CAV1 which was 

differentially phosphorylated by Dex after 10 minutes, and components of MAP kinase signal 
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transduction pathway and cAMP second messenger cascade– both implicated as pathways 

regulated by rapid non-genomic GR action (87, 93).  

Another identified function for Dex-regulated genes affected by THZ531 includes GTPase 

activator activity. A number of G-protein signalling (RGS) proteins as well as β-arrestin 1, and 

proteins involved in Rac1, RHOA and CDC42 signalling were responsible for the term. This 

suggests that cell motility and cytoskeleton dynamics are regulated by GR and CDK12/CDK13, 

yet is not necessarily a unique process as genes regulated by Dex alone were also linked to cell 

motility and wound healing. 
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Figure 4.18 Defining the set of genes differentially expressed by Dexamethasone and affected by THZ531 

A) Venn diagram comparing genes which are differentially expressed by Dex vs vehicle and THZ531+Dex vs Dex alone. 
Groups stratified by directionality of log2fold change up or down. Numbers correspond to number of genes. B) Pie chart 
corresponding to of the total number of Dex-regulated genes: up=yellow, down=blue, the proportion of genes 
significantly affected by THZ531 indicated by the shaded regions. Stringency cut off adj p<0.01 and log2FC ±0.5. Gene 
ontology of biological processes and molecular function performed using Erichr software for genes exclusively regulated 
by Dex alone (722 genes). C) and regulated by Dex and affected by THZ531 (886 genes) D).  Coloured bars indicate 
significantly enriched terms.  
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One enriched ontology relating to inward rectifier potassium ion channel activity revealed the 

expression of a number of potassium and sodium ion channels to be affected by Gc and THZ531. 

The term included the gene encoding the serine/threonine kinase, serum glucocorticoid kinase 

(SGK1) which is known to regulate ion channel and membrane transporter activity (265). 

Expression was upregulated by Dex but increased further by THZ531 pre-treatment (data not 

shown). In most cases Dex increased gene expression whereas the effect is reduced by pre-

treatment with the inhibitor. With the exception of KCNK3, where Dex reduced expression and 

is reduced further by CDK12/CDK13 inhibition. Closer inspection of the FPKM values of the genes 

encoding the ion channels, revealed low expression counts. These observations may implicate 

an important Gc-regulated mechanism but given such low levels of expression were not 

investigated further.   

The functional interaction network generated using information from the Reactome database 

(266), highlights modules of highly interacting nodes from the gene set (Figure 4.19). This was 

generated regardless of the directionality of change induced by Dex and helps to generate an 

indication of the key genes and regulated processes. Here the K+ channels form an independent 

sub-network of factors which are all inter-connected supporting their associated function. 

Central nodes include EGFR, SRC (c-Src) and ARRB1 (β arrestin-1) implicating membrane-

associated signalling. While other central nodes highlight transcription factors, FOXA1, JUN 

including nuclear receptors RXRA and AHR and nuclear transcriptional co-activator HELZ2 

(helicase with zinc-finger 2) and strongly implicate perturbed genes in affecting transcriptional 

responses.  

The network in Figure 4.20A shows the directionality of regulation by the groups in addition to 

implicated genes associated with the positive regulation of transcription. The genes associated 

with the sub-ontology regulation of transcription of RNA polymerase II promoter (Figure 4.20B) 

identifies a large number of transcription factors which are differentially regulated by the 

treatment groups. Plotting the log2fold change for each gene and condition, highlights three 

sub-groups of expression: genes regulated by Dex whose expression is reduced by CDK12/CDK13 

inhibition; genes regulated by Dex whose expression is potentiated by THZ531 and genes 

regulated by Dex whose expression is regulated in the opposite direction following inhibition 

with CDK12/CDK13. This demonstrates how THZ531 has differential effects upon the expression 

of Dex-regulated genes.  
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Figure 4.19 Functional interaction network of genes regulated by Dexamethasone and affected by THZ531 

Reactome functional interaction network generated from all genes identified as being regulated by Dex and affected by 
THZ531. Modules of highly interacting groups of genes coloured by cluster group. 
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Figure 4.20 Dexamethasone-regulated genes affected by THZ531 and associated with regulation of transcription. 

(A) String interaction network of all genes regulated by Dex and affected by THZ531 associated with the ontology 
positive regulation of transcription. Node centre coloured based on log2FC induced by THZ531+Dex vs vehicle and node 
outline coloured by log2FC by Dex vs vehicle. (B) Plotted log2FC for genes associated with the term regulation of 
transcription from RNA polymerase II promoter. Organised into groups based on effect of THZ531 and ordered by Dex-
induced change.  
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The AP-1 transcription factors were featured as genes underlying multiple significantly enriched 

ontologies for example: positive regulation of transcription and regulation of cell proliferation 

differentiation – reflecting the cross-talk between GR and AP-1 factors (48, 72, 267). Plotting the 

expression changes in AP1 components (Figure 4.21) reveals how the expression pattern is 

modified by THZ531 and Dex treatments. For example, expression of JUN is downregulated by 

Dex alone but upregulated by THZ531+Dex and further still by THZ531-alone. Whereas, FOS 

expression is upregulated by Dex which is upregulated further and to a similar level by 

THZ531+Dex and THZ531 alone. This would lead to an altered composition of AP-1 factor 

expression which may influence dimer pairings and transcriptional outcomes.  

 

 

 

 

Figure 4.21 Differential expression of AP-1 transcription factors. 

Plotted log2 fold change in expression for AP-1 transcription factor genes for 100nM Dex, 500nM THZ531 and 500nM 
THZ531+ 100nM Dex treated conditions in comparison to the vehicle control.  
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4.2.3.5 Comparison to genes not regulated by THZ531 

Once the set of genes which are regulated by Dex and affected by the inhibition of CDK12/CDK13 

had been established, I sought to assess whether the observed regulation was impacted by 

THZ531 alone. I found that the large majority of the potentiated and opposite gene groups (166 

out of total 173 (166+7+94) and 233 out of total 327 respectively) (Figure 4.22A) were also genes 

which are significantly differentially regulated by THZ531 treatment alone. Whereas the greatest 

proportion of the reduced gene group (20 out of total 293) were not differentially expressed by 

THZ531 in comparison to the baseline. For the genes which are shared (highlighted in green 

circles), plotting the log2FC of shows the correlation between the direction of differential 

expression for each treatment THZ531 alone and THZ531 + Dex, in comparison to the vehicle. 

The potentiated and opposite genes show positive correlation in the direction of regulation by 

the two conditions. Conversely the expression of reduced genes is negatively correlated (Figure 

4.22B). This analysis does suggest that THZ531 has a large impact on the expression of genes 

and directionality of change, regardless of Dex.  

 

 

Figure 4.22 Comparison of genes regulated by THZ531 + Dexamethasone with the effect of THZ531 alone 

A) Venn diagram comparing genes which are differentially expressed by THZ531 vs vehicle and Dex-regulated genes 
affected by THZ531 split into three groups: potentiated, opposite, reduced. Orange circle genes not significantly 
regulated by THZ531 alone. Green circle overlapping genes also significantly regulated by THZ5531. B) Scatter plot of 
log2FC of overlapping genes (green circle from Venn), differential expression change induced by THZ531 alone on x-axis 
and THZ531+ Dex on y-axis. Coloured points correspond to genes regulated by Dex and affected THZ531 split into three 
groups: potentiated, opposite, reduced.   
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4.2.4 Promoter analysis 

4.2.4.1 AME 

I used promoter analysis in attempt to understand the regulatory mechanisms underlying the 

differential gene expression patterns. This aims to identify candidate transcriptional regulators 

from a given set of co-modulated genes and assumes that the promoters of the differentially 

expressed gene sets are bound by the same transcription factors.  First, I used motif enrichment 

analysis which scans promoter region genomic sequences of a set of genes to detect the 

presence of known transcription factor binding motifs. Previous ChIP-sequencing studies have 

found GR to bind genomic regions many kilobases (kbs) away from the transcription start site 

(TSS) of regulated genes (76). With this in mind, I obtained the promoter sequences for +100 

bases downstream of the TSS in each case and either -1kb, 2kb, 5kb, 10kb or 20kb upstream to 

determine the best region for analysis.  

To first validate the methodology, the sequences for genes which are significantly (p<0.01 and 

log2FC ±1) up and down regulated by 100nM Dex were inputted into the AME server (177). The 

AME algorithm takes the inputted sequences of co-regulated genes and calculates the relative 

enrichment of known transcription factor motifs within the dataset. The identified enriched 

motifs were then compared to assess the differences between the size of the upstream 

sequence interval.  

For the upregulated set of genes (407 total genes), the majority of enriched motifs were 

mutually identified between the different size regions (287 common motifs) (Figure 4.23). The 

greatest number of unique motifs were found for the -1kb region (185 unique motifs) followed 

by the -20kb region (36 unique motifs) which shared a proportion of with the -10kb region and 

5kb region. The shared motifs found to be most significantly enriched in the gene sequences 

(Table 4.1) include motifs for forkhead box proteins: FOXC1, FOXC2, FOXL1; Zinc finger protein 

ZNF263, Interferon regulatory factor 1 (IRF1) and serum response factor (SRF). The enriched 

motifs which were identified for the set of genes downregulated by Dex (157 total genes) were 

again largely shared between the different size genomic regions (163 motifs). However, in 

comparison to the upregulated gene set, there was more variation in the extent of overlap 

between the sequence regions. The top most significantly enriched motifs which were found 

within all sequence regions included ZNF263, SP2 and SRF. Furthermore, 8 of these top motifs 

were the same motifs as identified for the upregulated gene set. Given the lack of distinction 

between the gene groups which are regulated in alternate directions by Dex, combined with the 

absence of GREs or any NR3C1 binding sites identified in the sequence regions, this lead to 

exploring a different motif-detection approach. 
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Figure 4.23 AME motif analysis of genes significantly regulated by Dexamethasone 

The promoter sequences were obtained for the 407 genes which were significantly (p<0.01, log2fold change ±1) 
upregulated by Dex (A) and for the 157 genes which were significantly downregulated by Dex (B). Sequences 
corresponding to +100 bases downstream of the TSS in and either -1kb,2kb, 5kb, 10kb or 20kb upstream to determine 
the best region for analysis. Venn diagram displaying the number of identified motifs for each sequence region.   

Table 4.1 Top common motifs upstream of genes significantly upregulated by Dexamethasone. 

The top scoring and shared motifs, which were identified within the promoter regions of the upregulated and 
downregulated genes, based on significance score (e-value). The unique identifier of the particular motif (columns 1 & 
2) and name of the binding factor (column 3)    
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4.2.4.2 i-Regulon 

The i-Regulon plugin for cytoscape (178) builds a transcription regulatory network using cis-

regulatory sequence analysis of co-regulated genes with aim to identify master regulatory 

factors. Groups of differentially expressed genes are analysed against databases of motifs and 

ChIP-seq tracks. I-regulon uses a ‘ranking-and-recovery enrichment calculation’ for motif 

identification which briefly involves ranking all human genes for each motif within a library of 

position weight matrices (PWM). This is performed by taking the regions around the TSS of each 

gene which are then scanned for cis-regulatory modules (CRMs)– regulatory features of the 

genome outside coding regions, with dense sites for the binding of multiple TF (includes 

enhancers and promoter regions). The genes are ranked according to the likelihood it is a target 

of a particular motif. Gene rankings are then compared to the set of inputted query genes and 

based on area under the cumulative recovery curve to obtain a normalised enrichment score 

(NES). Motifs with a NES score ≥3 (corresponds to FDR between 3% and 9%) indicates that a 

large proportion of the query genes are ranked highly for that particular motif. The programme 

then uses a ‘motif2TF’ procedure to link enriched motifs from PWMs to a candidate binding 

factor based on annotations of motif-Tfs binding, orthology and motif similarity (178). The i-

regulon programme has the added advantage that it reveals the underlying genes from the co-

regulated list which are enriched for the motif or transcription factor. Therefore, the identified 

motifs and corresponding transcription factors can be placed in context of their gene targets.                                                                                                            

4.2.4.3 Dex regulated genes 

First, all the genes which were significantly regulated by Dex, regardless of THZ531 effect were 

analysed (as with the AME analysis). The tables of predicted transcription factors (Table 4.2) 

demonstrate that NR3C1 (GR) and FOXA1 are the only significant factors associated with 

upregulated genes. A number of transcriptional regulators were identified for the 

downregulated gene set, including histone acetyl transferase EP300, GATA3 and FOSL2. Other 

identified transcription factors JUND and RXRA, as well as FOXA1 were also genes differentially 

regulated by Dex and affected by THZ531, indicating a potential regulatory loop.  
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Table 4.2 Predicted transcriptional regulators of Dexamethasone-regulated genes 

Candidate transcriptional regulators, based on the identification of motifs enriched in the upstream regions of co-
regulated genes. Performed using iregulon ‘ranking-and-recovery enrichment calculation’. Groups of differentially 
expressed genes: 407 genes which were significantly (p<0.01, log2fold change ±1) upregulated by Dex, 886 genes 
regulated by Dex and significantly (p<0.01, log2fold change ±0.5) affected by THZ531 or not affected by THZ531 (722 
genes). Each split into up- and down-regulated genes depending on directionality induced by Dex. Orange shading 
indicates factors in which the corresponding genes were identified as differentially regulated by Dex and affected by 
THZ531. * Indicates transcription factors unique to that category. NES: normalised enrichment score.  
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4.2.4.4 THZ531 affected vs not-affected 

The analysis was then performed using the two groups of Dex-regulated genes:  Group 1 - Dex 

regulated genes which are affected by THZ531 (genes in the intersecting region of the Venn) and 

Group 2 - Dex regulated genes which are independent of THZ531 as previously described. For 

both groups of genes, NR3C1 and FOXA1 were again associated with genes up-regulated by Dex, 

indicating that THZ531 does not alter the primary regulatory factors associated with upregulated 

genes. Although the NES score for NR3C1 was higher for Dex-regulated genes affected by 

THZ531 in comparison to those not affected whereas the converse was observed for FOXA1.  

Overall, the associated regulators and NES scores, corresponding to genes down-regulated by 

Dex were largely shared between the two groups and all genes regulated by Dex. However, some 

factors were unique to the groups; as indicated in the table for example: affected by THZ531 

ERM (ETV5) and not affected by THZ531 (FOSL1). 

To further investigate these regulatory factors, I performed the analysis for the intersecting 

genes split in to subgroups and based on the directionality of the change induced by THZ531 (ie 

reduced, potentiated or opposite) (Table 4.3).  

The reduced group was only associated with GR and FOXA1 for upregulated genes. The two 

factors were also identified for the opposite and potentiated groups. The latter groups had other 

implicated transcriptional regulators and a number of regulators were unique to that category 

eg ZBTB7A for opposite and FOXP2, POLR2A, TBP and CEBPD for potentiated groups. The NES 

was the greatest for NR3C1 for genes reduced by THZ531 and the score of FOXA1 was lower 

than that of all Dex upregulated genes. The identification of more factors in the opposite and 

potentiated groups likely account for the lower NES score for NR3C1, suggesting the 

contribution of other transcriptional regulators is important. Some of these factors were also 

associated with down-regulated genes for a different group (eg EP300, TCF12, NFIC, FOXA2, 

RDBP) which may indicate a shift in the regulatory balance caused by THZ531 treatment for 

those particular gene groups. By stratifying the gene lists based on the directionality of change 

induced by THZ531, a greater number of associated transcription factors were identified for 

down-regulated genes. A number of these factors such as ZNF263, JUN and CEBPB, among 

others, were unique to the category they were identified to be associated with. These factors 

may provide insight into the differential regulation of each gene groups and the effect of CDK12 

and CDK13.  
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Table 4.3. Predicted transcriptional regulators of Dexamethasone-regulated genes affected by THZ531  

Candidate transcriptional regulators, based on the identification of motifs enriched in the upstream regions of co-
regulated genes. Performed using iregulon ‘ranking-and-recovery enrichment calculation’. Groups of differentially 
expressed genes as indicated for up- and down-regulated genes: opposite by THZ531 (327 genes), potentiated by 
THZ531 (173 genes), reduced by THZ531 (293 genes). Orange shading indicates factors whose genes were identified as 
differentially regulated by Dex and affected by THZ531. * Indicates transcription factors unique to that category. NES: 
normalised enrichment score.  
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4.2.4.5 LISA 

The LISA (epigenetic landscape In Silico deletion analysis) takes lists of differentially expressed 

genes with the aim of predicting the transcriptional regulators responsible for co-regulation. 

This approach integrates chromatin accessibility data (DNAase-seq and ATAC-seq) with known 

transcriptional regulator binding information from ChIP-seq databases. The analysis can be 

performed on the same gene list to produce two outputs: firstly, by using ChIP sequencing data 

of transcriptional regulators (transcription factors and chromatin regulators) to infer the peak-

based regulatory potential upon a gene. Peaks are taken to represent binding in a binary manner 

100kb up- and down-stream of the TSS. The second uses a similar approach but is a motif-based 

method which identifies the number of motif-hits within the promoter of target genes. An 

assumption of these models is that regulatory effect upon the target gene bound by a particular 

factor is reduced with increasing genomic distance from the TSS. Also, that the presence of 

multiple binding sites has an additive effect on target gene regulation. The LISA uses this peak-

regulatory potential model accounting for binding distance and number of sites, combined with 

a model of chromatin landscape- accessibility to identify regulators of the query gene set in 

comparison to a set of unrelated background genes (179). 

4.2.4.6 ChIP-Seq approach  

I first assessed the same set of genes most significantly regulated by Dex. By inputting two gene 

sets corresponding to up and down regulated genes, the output provides an adjPvalue for the 

contribution of a factor towards the regulation of the genes perturbed in a particular direction, 

which can be plotted (as in Figure 4.24A and zoomed Figure 4.24B). Each point represents a 

factor investigated in a publicly available ChIP seq experiment.   

NR3C1 is identified as the most significant factor associated with up-regulated genes, evident by 

the distribution of points along the x axis. The DNA repair protein and part of the cohesisn 

complex (268) RAD21 was another factor closely associated with upregulated genes.  CEBPB and 

pioneer factor FOXA1 were significantly associated with both up- and down-regulated genes; 

evident by the distribution of points between the two axes. Some of the top significant factors 

associated with the down regulated genes set were AP-1 family members FOSL2 as well as FOS 

and JUN, although, showed a similar distribution to CEBPB. Factors GATA3 and RELA were also 

clustered towards the down regulated gene set.  

To further understand how the inhibition of CDK12 and CDK13 may affect Dex-regulated genes, 

I performed the same LISA model analysis by inputting the two groups of genes, described 

previously: based on the effect of CDK12 and CDK13 inhibition. The corresponding adjPval scores 

were plotted and Figure 4.25 shows the predicted contribution of the transcriptional regulators 

for genes either up vs downregulated by Dex. Again, NR3C1 is the most significant factor 

associated with upregulated genes for both groups.  In addition, the RAD21 is associated with 

up-regulated genes and is more prominent for genes regulated by Dex and affected by THZ531 

compared to those not affected.  However, the distribution of FOXA1 shows a shift (compare 
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Figure 4.25B vs Figure 4.25D) from closely associated with upregulated genes towards 

downregulated genes that are affected by THZ531. This is also apparent for CEBPB and FOSL2.  

Comparison of all the significant transcription regulatory factors identified for each group 

reveals a large overlap, with 369 factors predicted to regulate the two gene sets. Although, a 

number of regulators were uniquely identified for each group, there are more factors associated 

with the genes regulated by Dex and affected by inhibition of CDK12 and CDK13 compared to 

genes not affected by THZ531 (174 and 58 respectively).  

In attempt to understand effect of CDK12 and CDK13 inhibition, the analysis was then performed 

for the three gene groups regulated by Dex and further stratified by the direction of expression 

change by THZ531. For all three groups; opposite, potentiated and reduced by THZ531, NR3C1 

was again identified as being the most significantly associated with genes upregulated by Dex 

(Figure 4.26).  Although, the level of significance was lower for the genes potentiated by THZ531 

NR3C1 was still the most predominant factor for upregulated genes (Figure 4.26 B&E). Similarly, 

for all groups, RAD21 maintained a close association with upregulated genes. The genes 

regulated in the opposite direction by THZ531+Dex compared to Dex alone show FOSL2 and 

CEBPB contributing towards the expression of genes in both directions (Figure 4.26 A&D). 

FOXA1 and GATA3 are the predominant factors associated with downregulated genes and 

reflects the distribution observed for the whole group of genes affected by THZ531 (Figure 4.25 

C&D). The potentiated group shows a similar distribution for CEBPB and FOSL1 to the opposite 

genes. Whereas, FOXA1 and GATA3 show a shift in distribution to be equally centred between 

up and down regulated genes. RELA shows the closest correlation with down-regulated genes. 

The distribution of factors for the reduced gene set is most comparable to the opposite group 

except FOXA1 and GATA3 are not as closely associated with down regulated genes.  

A large proportion (338) of transcriptional regulators are shared within all three groups. 

However, identification of common factors does not necessarily indicate the same effect as the 

contribution towards up and down regulated genes set is not considered.  
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Figure 4.24 LISA Model ChIP-seq: Analysis of genes significantly regulated by Dexamethasone 

Scatter plots of -log10 p-values for transcriptional regulators corresponding to gene sets both up- and downregulated 
by Dex. Analysed using LISA cistrome ChIP-seq based method, each dot represents a single transcriptional regulator.  
The spread of all the identified factors (A). Zoom of the above graph showing factors between the values of –log10(pval) 
20 up / down (B). DEG: Differentially expressed gene.  

 

A) 
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Figure 4.25 LISA Model ChIP-seq: Analysis of genes significantly regulated by Dexamethasone and affected or not 
affected by THZ531 

Scatter plots of -log10 p-values for transcriptional regulators corresponding to gene sets both up- and downregulated 
by Dex. Analysed using LISA cistrome ChIP-seq based method, each dot represents a single transcriptional regulator. 
The entire set of identified factors for the gene sets: A) regulated by Dex and not affected by THZ531, C) regulated by 
Dex and affected by THZ531. Zoom of the above graphs B) not-affected by THZ531 and D) affected by THZ531 showing 
factors between the values of –log10(pval) 20 up / down. DEG: Differentially expressed gene. E) Venn diagram 
comparing the shared predicted regulatory factors between genes regulated by Dex  

 

C) 

E) 
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Figure 4.26 LISA Model ChIP-seq: Analysis of genes significantly regulated by Dexamethasone and stratified based on 
the effect of THZ531 

Scatter plots of -log10 p-values for transcriptional regulators corresponding to gene sets both up- and downregulated 
by Dex. Analysed using LISA cistrome ChIP-seq based method, each dot represents a single transcriptional regulator. 
The entire set of identified factors for the gene sets: A) opposite by THZ531, B) potentiated by THZ531, C) reduced by 
THZ531. Right column, zoom of the adjacent graphs D) opposite(E) potentiated F) reduced, showing factors between 
the values of –log10(pval) 20 up / down. DEG: Differentially expressed gene.  

  



 

 162 

4.2.4.7 Motif-based approach 

The motif-based approach of the LISA analysis identifies enriched transcription factor binding-

motifs located in the promoter regions of the gene set of interest.  As with the ChIP-method, it 

can assess gene sets corresponding to up and down regulated genes with an adjPvalue for the 

contribution of a factor towards the direction of regulation. As before, the gene sets were 

analysed, all significant motifs are plotted (each point representing a single motif), with 

transcription factors of interest shown in colour. In addition to the top, most significant motifs 

for the up and down regulated genes are labelled (Figure 4.27). For all Dex-regulated genes, the 

motif for ZNF219 was most significantly associated with upregulated genes, closely followed by 

NR3C1 and other nuclear receptors PPARG and AR. Myeloid zinc finger factor MZF1 was also a 

top factor closely associated with the upregulated genes. Motifs for AP-1 family proteins, FOS, 

FOSL1 and JUN, JUNB, JUND were identified as being associated with downregulated genes. 

Whereas, RELA is more significantly associated with up-regulated genes.   

Motif enrichment performed for genes regulated by Dex and not affected by the inhibitor, 

reveals significantly enriched motifs are situated between the axes - indicating a similar 

correlation with both up and down regulated genes (Figure 4.28A). Of these factors NR3C1 is 

the dominant factor for upregulated genes. The AP-1 factors are the top identified motifs for 

downregulated genes despite showing equal significance with upregulated genes. This contrasts 

the Dex-regulated genes affected by THZ531 (Figure 4.28B), there is a clear definition between 

factors associated with either up or down regulated genes. NR3C1 does not feature as the most 

significant motif for upregulated genes which was found to be MZF1. FOXP1, FOXA2 and FOXA1 

contribute to the top motifs associated with down regulated genes and were not identified for 

genes not-affected by THZ531. Almost all identified motifs for genes not affected by THZ531 

were shared with those that were affected (219/233). However, 432 motifs were unique to the 

affected category potentially indicating the modulation of a much greater number of factors.  

The motif- based detection method was again applied to the gene groups based on directionality 

of change induced by THZ531 (Figure 4.29). The opposite by THZ531 group displays a similar 

distribution of factors to that of the Dex-regulated-THZ531 affected group, including a significant 

association with the MZF1 motif for upregulated genes. Whereas, the motifs identified for the 

potentiated by THZ531 group, are largely clustered in between up and downregulated genes 

with inflammatory factors such as NF-κB2, RELA and STAT4 occupying the region. NR3C1 and AR 

motifs are most significant for upregulated genes and AP-1 factors are most prominent for the 

downregulated gene set. The contribution of the FOX transcription factors is less significant than 

for the genes regulated in the opposite direction by THZ531. In contrast to the CHIP-based 

analysis opposite regulated genes have more associated motifs yet many of the identified 

transcription regulatory factors are again shared between the groups (265 shared motifs).  

The use of promoter, motif analysis helps to identify potential transcriptional regulators 

involved in the expression of specific gene sets. Rather than identifying an individual 
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transcriptional regulator perturbed by THZ531 as initially hypothesised, the integration of the 

findings from different methods demonstrates both the complexity of transcriptional regulation 

and how the balance of multiple factors contributes to gene expression. However, this analysis 

must be further validated to fully understand the contribution of CDK12 and CDK13 to the 

regulation of Dex-modulated transcription.  

4.2.4.8 Bioinformatic Analysis Summary 

In summary, the integrated bioinformatic analysis was utilised to understand the relationship 

between GR genomic regulation and the activity of transcriptional kinases CDK12, CDK13 and 

their partner cyclin K. Inhibition of CDK12 and CDK13 activity by THZ531 does not affect all Dex-

regulated genes, rather a substantial subset ~55% genes; with a greater number of upregulated 

genes perturbed (594 out of 886, 67% of genes regulated by Dex and affected by THZ531).  

Ontology analysis suggests that CDK12 and/or CDK13 are involved in GR-regulated expression 

of proteins involved cell proliferation and apoptosis in addition factors regulating transcriptional 

processes. Ultimately, this suggests that CDK12 and/or CDK13 are essential for GR genomic 

outputs and functional outcomes associated with cell survival and differentiation.   

Stratification of Dex-regulated gene subsets based on the directionality of the expression change 

incurred by THZ531, reveals three groups: reduced potentiated and opposite. Promoter analysis 

supports the involvement of AP-1 factors – both as regulatory proteins mediating the expression 

of genes regulated by Dex, CDK12 and CDK13 and as genes whose expression is affected by the 

loss of CDK12 and CDK13 activity. Analysis using both cistrome binding patterns and motifs was 

employed in attempt to identify a key transcriptional regulator for each gene group. Candidate 

transcription factors such as FOXA1/FOXA2, members of the AP-1 family and CEBPB among 

others, were identified as potentially involved in the expression pattern of the DEG groups. 

However, this analysis revealed that the measured effects were not clearly attributable to the 

expression or activity of unique factors. Rather, inhibition of CDK12 and CDK13 indicates a 

potential transcriptional shift in GR-crosstalk with multiple transcriptional regulators.  
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Figure 4.27 LISA Model Motif: Analysis of genes significantly regulated by Dexamethasone 

Scatter plots of -log10 p-values for motifs of transcriptional regulators corresponding to both gene sets both up- and 
downregulated by Dex. Analysed using LISA cistrome motif-based method, each dot represents a single transcriptional 
regulator binding motif. Coloured dots represent defined transcription factors in order to compare between data sets. 
Labelled factors without coloured dot, represent the motifs identified as having the top significance ranking for the up 
/ down- regulated genes. DEG: Differentially expressed gene.   
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Figure 4.28 LISA Model Motif analysis of genes significantly regulated by Dexamethasone and affected or not affected 
by THZ531 

Scatter plots of -log10 p-values for motifs of transcriptional regulators corresponding to both gene sets both up- and 
downregulated by Dex. The entire set of identified factors for the gene sets: A) regulated by Dex and not affected by 
THZ531, B) regulated by Dex and affected by THZ531. Analysed using LISA cistrome motif-based method, each dot 
represents a single transcriptional regulator binding motif. Coloured dots represent defined transcription factors in order 
to compare between data sets. Labelled factors without coloured dot, represent the motifs identified as having the top 
significance ranking for the up / down- regulated genes. C) Venn diagram summarising the number of identified motifs 
for each gene set. DEG: Differentially expressed gene.   
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Figure 4.29 LISA Model Motif Analysis of genes groups significantly regulated by Dexamethasone and affected by 
THZ531 

Scatter plots of -log10 p-values for motifs of transcriptional regulators corresponding to both gene sets both up- and 
downregulated by Dex. The entire set of identified factors for the gene sets: regulated by Dex and A) regulated in the 
opposite direction by THZ531, B) potentiated by THZ531, C) reduced by THZ531. Analysed using LISA cistrome motif-
based method, each dot represents a single transcriptional regulator binding motif. Coloured dots represent defined 
transcription factors in order to compare between data sets. Labelled factors without coloured dot, represent the motifs 
identified as having the top significance ranking for the up / down- regulated genes. D) Venn diagram summarising the 
number of identified motifs for each gene set. DEG: Differentially expressed gene.   
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4.3 Discussion 

4.3.1 The Rpb1 phosphorylation status  

The phosphorylation of the CTD serine residues of RNA polymerase II is crucial for cell survival 

by mediating productive transcription (269). The changes in phosphorylation of the Rpb1 CTD 

observed following Dex treatment, revealed a decline in Ser7 phosphorylation over-time, 

concomitant with a gradual increase in pSer2 which peaked at 15 minutes and declined by 60 

minutes following Dex-exposure. This may suggest there is a global increase in elongating RNA 

polymerase II by 15 minutes following GR-activation. Ser2 phosphorylation is considered a mark 

of active transcription as levels increase along gene bodies peaking at the 3’ end (254, 270). This 

reflects the dynamics of Rpb1 whereby the number of actively elongating complexes was shown 

to peak at approximately 25 minutes following Dex addition (271). These changes in 

phosphorylation patterns were measured at time points understood to be prior to GR nuclear 

entry. Theories regarding how nuclear proteins are phosphorylated in context to GR localisation 

are discussed in the previous chapter (3.3.5 Biological relevance). In this context one hypothesis 

would be that Dex initiates a cytoplasmic signalling cascade terminating on kinases capable of 

modifying RNA polymerase II. The result of such action primes the transcription machinery for 

more efficient, large-scale genomic activity upon GR translocation and subsequent chromatin 

binding.  

Many studies have attempted to define the precise substrate specificity of the transcriptional 

CDKs, which has revealed contextual complexity with multiple kinases able to phosphorylate 

Rpb1 CTD. Using pharmacological inhibition of CDKs I show that Ser2 phosphorylation is reduced 

but not abolished. The broad targeting inhibitor, FVP is capable of inhibiting multiple CDKs 

including the primary Ser2 kinases CDK9 and CDK12 (254, 272), this transpired to the greatest 

measured reduction in Ser2 phosphorylation - both from the baseline and the Dex-induced 

increase. This effect was sustained at later time points and also reduced phosphorylation of 

Ser5, although not to as great an extent.  

For THZ531 treated samples, CDK9 remains active which has been implicated as the 

predominant Ser2 kinase for regulating the pause-release step to proceed into productive 

elongation (272).  The retained activity of CDK9 would explain the residual level of Ser2 

phosphorylation in the presence of CDK12 and CDK13 inhibition. Although, after 4.5 hours 

phosphorylation was reduced to half that of the baseline potentially indicating a delayed effect 

upon global Ser2 phosphorylation. Furthermore, at this later timepoint Ser2 phosphorylation 

was reduced between vehicle and Dex-treated samples an effect not observed for Ser 5 

phosphorylation, which was upheld to an extent in the presence of THZ531. These temporal 
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differences in Dex-induced dynamics of Ser2 phosphorylation levels indicate an involvement of 

CDK12 and /or CDK13 although, the true mechanism remains to be determined. Alternatively, it 

may not be that Dex alters the activity of the kinases but the rather a phosphatase (269) or CDK 

inhibitor such as CDKN1C (273) which alters the dynamics of Rpb1 CTD regulation.   

CDK12 has been implicated as a Ser5 kinase (258). However, I investigated the effect of the CDK 

inhibitors upon the level of Ser5 phosphorylation, and show THZ531 has no significant effect on 

the phosphorylation levels of Ser5 in comparison to basal levels. The precise role of CDK12 is still 

debated and may potentially only phosphorylate Rpb1 at a select number of genes. Knockdown 

of CDK12/13 or cyclin K has been shown to not result in a measurable reduction in Ser2 

phosphorylation (254); an effect also seen using analogue sensitive-inhibition of CDK12 (a 

competitive ATP analogue which, when added, specifically abolishes the kinase activity of the 

protein) (258). Likewise, inhibition of the kinases using THZ531 has not been shown to 

conclusively impede total Ser2 phosphorylation (256) and corresponds with my findings.    

As part of TFIIH complex, CDK7 facilitates transcription initiation with the addition of phospho-

modifications upon positions Ser5 and Ser7 of the Rpb1 CTD.  The Ser5 modification, disrupts 

the interactions between RNA Polymerase II and the mediator complex, allowing the 

transcription machinery to escape gene promoters (274). Phosphorylation of the Ser5 residue is 

recognised by 5’ capping enzymes to prevent degradation and demonstrates the involvement 

of Ser5 modification during early stages of mRNA transcription. CDK9 is the catalytic subunit of 

P-TEFb which phosphorylates the Ser2 residue, but displays preference towards a substrate pre-

phosphorylated at Ser7 (272). CDK12 and CDK13 are important for RNA processivity and also 

phosphorylate Rpb1 CTD at Ser2, thought to occur sequentially following CDK9-mediated 

activity. Similarly, CDK12 requires substrate pre-phosphorylation of Ser7 for substrate 

recognition and optimal activity (257). This Ser7 modification is present early during the process 

and can be bound by the integrator multiprotein complex and associate with RPAP2 – a 

phosphatase which removes Ser5 phosphorylation (270). Despite CDK9, CDK12 and CDK13 

regulating the phosphorylation of the same residue, the kinases have distinct but overlapping 

roles and synergistically maintain enriched levels of Ser2 along gene bodies (256). CDK9 has been 

shown to indirectly recruit CDK12 via polymerase-associated factor 1 complex (PAF1C) (258, 

275). Overall, this preferential specificity demonstrates the precise temporal co-ordination of 

the transcriptional stages.  

4.3.1.1 Antibody limitations of CTD phosphorylation 

The detection of specific phospho-epitopes on the CTD of Rpb1 subunit can differ based on the 

monoclonal antibody clone used. Furthermore, it has been proven for the 3E10 mAb (to detect 
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p-Ser 2) and 3E8 (p-Ser 5), that the detectable signal-strength on a particular residue is affected 

by the presence of modifications on nearby residues. This is due to adjacent modifications 

obscuring the accessibility for antibody binding.  Although in this study different antibodies to 

the ones described above: E1Z3G (Ser2) and D9N5I (Ser5) mAbs (Cell Signalling Technology) 

were used, it is still important to take into consideration. Therefore, interpretation of CTD 

phosphorylation status measured by immunoblot should be done with caution. The use of 

antibodies is capable of accurately indicating a change in CTD phosphorylation but due to the 

potential confounding effect of adjacent modified residues, not the quantified directionality 

(264). To overcome this limitation a more accurate approach would be to determine the CTD 

phosphorylation dynamics such as using mass spectrometry.   

4.3.1.2 Other CTD Serine 2 Kinases 

One study determined that the proteins which constitute the interactome of each 

phosphorylated residue of the CTD of Rpb1, reveal little cross-over between stages of the 

phosphorylation cycle. This indicates that each phosphorylation-mark has a unique and distinct 

part to play during the orchestration of transcription (56). Furthermore, the involvement of 

other non-CDK transcriptional regulatory kinases suggests there exists a context-dependent 

mechanism to regulate the expression of particular gene sets in response to stimuli.    

CDK11p100 phosphorylates the Ser2 residue of RNA polymerase II to enable elongation and 3’ 

processing of replication dependent histone (RDH) genes (214). While, CDK7 has been 

implicated in splicing processes and inhibition leads to splicing defects distinct from those 

associated with CDK12 and CDK13 (276). This would indicate that splicing processes are 

controlled independently and is not a downstream consequence of preventing CDK12 and 

CDK13 activation.  

GSK-3 is also involved in alternate splicing in response to DNA damage. Furthermore, GSK-3 itself 

has been implicated as a CTD kinase in response to UV-induced DNA damage. Both Ser2 and 

Ser5 residues are phosphorylated by GSK-3 but is most efficient when the CTD substrate is pre-

phosphorylated by CDK9 (277).  BRD4, is a kinase with HAT capabilities, and also travels with the 

SEC to couple chromatin organisation with productive transcriptional progression. BRD4 recruits 

PTEFb and has been shown to phosphorylate Ser2 (278) whilst also regulating alternative splicing 

patterns through interacting with the splicing machinery. (279) These two kinases both share 

similarities with CDK12 as they couple the phosphorylation of Ser 2 with the regulation of 

splicing.  

It may also be noteworthy that CDK11 was identified as being differentially phosphorylated by 

Gc (previous chapter) and GSK-3 was one of the most significantly implicated kinases for the set 
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of Gc-regulated phosphoproteins. Furthermore, epigenetic readers of histone acetylation BRD2 

and BRD3, are also BET family members along with BRD4 and were also differentially 

phosphorylated by Gc. Therefore, the Dex-mediated effects upon Rpb1 phosphorylation could 

plausibly involve activity of these kinases.        

4.3.2 CDK12 & CDK13: Implications for GR-regulated transcription 

I found THZ531 has a suppressive effect upon Dex-induced upregulation of a luciferase reporter 

which was utilised to assess the activity of GR acting via direct-binding to DNA. These 

transcriptional effects had comparable outcomes to gene expression measured by PCR whereby 

THZ531 blocked the Dex-induced upregulation of classic Gc target genes GILZ, PER1, DUSP1 but 

not NFIKBA. 

In contrast, Dex suppressed the TNF-α -mediated induction of IL6 and IL8 expression but 

inhibition of CDK12 and CDK13 did affect expression further. THZ531 reduced the extent of 

cytokine up-regulation by TNF-α, and reduced TNF-α-stimulated reporter gene expression. This 

suggests that CDK12 and CDK13 are also important for the direct induction of IL6 and IL8 by NF-

κB. Therefore, it appears that CDK12 and/or CDK13 are involved in GR-dependent transcription 

acting through transactivation but are less important for GR-tethering. If THZ531 was preventing 

GR from tethering to pro-inflammatory transcription factors then Dex would be incapable of 

reducing the TNF-α induced upregulation. This points towards CDK12 and CDK13 regulating 

specific subsets of Gc-regulated genes through a direct DNA-binding mechanism. These findings 

are similar to a previously reported role of CDK9, required for the expression of genes up-

regulated by GR (69).   

4.3.2.1 GR regulation and other CDKs 

CDK9 regulates the expression of GR target genes through the phosphorylation of GR co-factor 

GRIP1. This phosphorylation occurs at GR bound at GREs and is required for GRIP1 co-activator 

function, to induce the expression of anti-inflammatory genes but not co-repressive functions 

at tethered sites. Additional complexity and transcriptional specificity is provided by the 

phosphorylation-status of GRIP1 as multiple phospho-isoforms in complex with GR were 

observed across GR binding sites (69). This demonstrates cross-talk between GR and CDK9 and 

reflects my findings that inhibition of CDK12 and CDK13 has a greater effect on genes that are 

up-regulated by Dex.    

The accessibility of the CDK9/cyclinT1 P-TEFb complex to the IL8 gene promoter, bound by NF-

κB following TNF-α stimulation, is suggested to be physically blocked by GR. The tethering 

interaction of GR upon p65 does not impede RNA polymerase II recruitment but prevents the 
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CDK9-mediated ser2 phosphorylation of RNA polymerase II. TNF-α-regulated expression of IκBα 

is not unaffected and P-TEFb was not recruited to the promoter, although it is now known that 

NFKBIA is gene also transactivated by Dex (280). This reported role of CDK9 again suggests there 

is a gene specific mechanism of regulation between GR-mediated direct activation and 

transrepression. However, ChIP PCR or sequencing would be useful to determine whether 

CDK12 binds at these promoters, particularly for the gene encoding IκBα (NFKBIA) which I show 

to be unaffected by CDK inhibition. Moreover, if CDK9 is required for CDK12 recruitment (258, 

275), studies such as those described above which inhibit or KD CDK9 may have indirect effect 

on downstream transcriptional processes mediated by CDK12.  

CDK8 has an inhibitory-regulatory role upon STAT3 transcriptional responses following IL-6 

stimulation. Phosphorylation of STAT3 by CDK8 and CDK9 is initiated downstream of IL-6 

signalling in CD4 T cells. Yet CDK8 reduces the dwell time of STAT3 upon chromatin and 

consequently reduces target gene expression (281). This dynamic modulation of CDK8 

expression levels may serve as a mechanism to fine-tune cytokine sensitivity and differentiation 

programmes and demonstrates how transcriptional CDKs modulate transcription factor activity. 

Knowledge of such processes may provide potential insight into how GR and CDK12/CDK13 are 

associated and raise the possibility that CDK12 and CDK13 act to modify the scale of GR 

response.    

4.3.2.2 Genomic effects of THZ531 

Multiple studies have assessed the transcriptional effects of inhibiting CDK12 and/or CDK13 both 

with specific inhibitors: THZ531 or SR-4835 and analogue sensitive models.  These studies have 

determined that CDK12 and CDK13 are responsible for the efficient transcription of particular 

gene subsets - namely those involved in the DNA damage response (DDR) (217, 254, 256). Down-

regulation of the expression of BRCA1 by THZ531, is well reported and has gained significant 

attention due its function to maintain genome stability and implications for cancer treatment 

(256). I measured the expression to BRCA1 gene to demonstrate the activity of the two 

inhibitors. THZ531 reduced expression to half that of the vehicle at 500nM and reflects what has 

been shown previously (256). FVP also reduced expression which would likely be due to the 

parallel inhibition of CDK12 with CDK9 however, could not be proven definitively. I detected no 

effect of Dex on expression of BRCA1, yet functional cross-talk between BRCA1 to regulate GR 

protein activation has been reported with implications for breast cancers therefore, the 

relevance may extend beyond gene level expression (282).  

I confirm that inhibition of CDK12 and CDK13 does not suppress global transcription as I 

observed no significant changes between the expression of two housekeeping genes measured 
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by qPCR or the baseline expression of Gc-regulated genes treated with vehicle by qPCR and 

reporter assay.  These findings corroborate those of Bohmann et al. who showed that 

knockdown of CDK12 decreases the reporter activity of Nrf2 in Drosophila cells whilst a renilla 

control gene was unaffected - indicating that global transcription was not disturbed (283).  

4.3.2.3 Cell viability 

THZ531 was first described as exhibiting anti-proliferative and apoptotic effects (256). I 

identified regulation of cell proliferation and regulation of apoptotic processes within the top 

five enriched biological functions for the group of genes regulated by Dex and affected by 

THZ531 by RNA sequencing. THZ531 is known to affect transcription (256). The measure of 

confluency was included to provide an additional measure of cell number to complement the 

Renilla luciferase control, independently of transcription. I observed that THZ531 pre-treatment 

appeared to reduce the confluency of cells used to measure luciferase reporter activity, however 

I did not investigate effects on cell viability any further. This reduction was more evident in cells 

transfected with the TAT3-luc reporter in comparison to the NRE-luc reporter plasmid. TAT3-luc 

is a simple GR reporter developed in the 1990s (284), whereas NRE-luc is a newer, commercially 

available reporter designed with lower toxicity. It is likely that the Tat3-luc had greater toxicity 

to the cells, which would account for the measured reduction in confluency.  

Studies have suggested that for cell viability and proliferation, the actions of CDK12 and CDK13 

are functionally redundant. Rather the loss of their shared partner cyclin, cyclin K is more 

detrimental to cell survival than loss of either CDK alone (217).  Bartkowiak et.al failed to 

generate a CDK12 knockout using CRISPR and suggested that the kinase is essential for cell 

survival. The group instead generated an analogue sensitive protein containing a single mutation 

which enables the inhibition of the kinase by the addition on an inhibitory adenine analogue. In 

contrast to the findings described above, when CDK12 was inhibited they reported suppression 

of cell proliferation despite CDK13 and cyclin K retaining their functionality (218). Although, this 

does not answer what the combined effect of GR and THZ531 would have upon survival. Given 

the defined effect of GR upon inhibiting cell proliferation and the cell cycle (253), this suggests 

CDK12 and CDK13 inhibition in the presence of Dex would synergise and result in a  loss in cell 

viability, particularly over long treatment time periods.  

4.3.3 RNA Sequencing data 

Previous studies have shown that treatment with FVP stalls RNA polymerase II at the proximal 

promoter whereas THZ531 reduces the amount of elongating polymerase II found on gene 

bodies (256). This is likely to be because the P-TEFb complex, is required to phosphorylate the 

negative elongation factors to allow progression to the elongation stage.  As THZ531 does not 
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inhibit CDK9 activity, P-TEFb retains the capacity to phosphorylate the factors which would 

otherwise prevent the pause-release stage to enable RNA polymerase II advancement. The 

activity of CDK12 and CDK13 are then required for the progression of the transcription 

machinery through elongation and facilitates interactions with RNA processing factors (254). In 

order to fully understand the full contribution of CDK12 and CDK13 towards Dex-regulated gene 

expression I required a global transcriptomic approach. 

4.3.3.1 CDK12 and long genes 

CDK12 and CDK13 have structural similarity which reflects their close evolutionary relationship 

(217) but the precise individual functions of the two kinases remains an outstanding question. 

Given the association with DNA-damage response genes (256) and alternation in cancers (261), 

CDK12 has become a recent focus for research. The specific transcriptional regulation of certain 

genes by CDK12 has previously been proposed to be an inducible mechanism to upregulate 

genes involved in stress responses (283). Other theories implicate CDK12 in the expression and 

co-transcriptional processing of long genes; particularly those associated with DNA-repair, 

genome stability (230) and cell cycle regulation (285). As GR regulates the expression of genes 

involved in these processes (231), it may not be unreasonable to hypothesise some co-operative 

action between GR and CDK12 in the regulation of cell cycle and genome stability.  

CDK12 progresses with the elongating RNA polymerase II along the body of the gene (256) and 

CDK12 deficiency can thus result in transcription elongation or termination defects. The loss of 

both CDK12 and CDK13 results in RNA processing defects, as CDK12 and CDK13 are involved in 

regulating the concurrent processing of mRNA transcripts during progression of elongation 

complex. CDK12 has been found in association with exon junction complex and SR splicing 

factors which are recruited to elongation complex (218, 254). Therefore, post-transcriptional 

mRNA processing is a key function of the two kinases. Since long genes have more intragenic 

polyadenylation sites, inhibition of CDK12 in mouse embryonic stem cells resulted in an 

increased usage of these sites. Therefore, the expression of the full-length mRNA transcripts was 

reduced for long genes - such as those involved in DNA repair.  Other features sensitive to CDK12 

KD are low GS content and lower ratio of U1 snRNA binding to polyadenylation sites (261, 286). 

By comparing correlation of differential expression against the gene length of identified targets 

I sought to consider this previously reported effect. This simple method of assessment did not 

show any preference towards longer genes being more significantly perturbed by THZ531 

treatment. However, this method gave no indication into which transcript isoforms were 

produced or their length, which would indicate what the effect of Dex would have upon mRNA 
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processing following CDK12 and CDK13 inhibition.  More in-depth bioinformatic analysis would 

be required to confirm the result.   

Many of the proteins identified as part of the both GR and CDK12 interactome, are involved in 

mRNA splicing and translation (26, 257).In addition, splicing factor CDC5L was identified as 

differentially phosphorylated following Gc treatment and a central protein within the interaction 

network. Similar to CDK12, CDC5L has been shown to be important for regulating expression of 

DNA damage response genes and mitotic progression (196). Therefore, investigation into 

alternative splicing of changes induced by THZ531 may have provided further insight into the 

point of regulation between CDK12 and GR. However, to perform such analysis accurately a read 

depth of 30-60 million reads per sample is required (287) in contrast to the 20 million reads 

obtained for this study and would be an important component of further investigation. 

Following siRNA knockdown of CDK12 or CDK13, Geyer et al. (288) reported a dissimilarity 

between the two profiles of differentially expressed genes, with little overlap. However, in 

another study, the transcriptome of cells with CDK13 knockdown were found to largely overlap 

with that of CDK12 knockdown (73% of transcripts shared). Although KD of CDK12 affected the 

expression of 2.5 times more transcripts than CDK13 and 1.3 times more than CDK9 (254). In 

this study, I was unable to delineate the distinct contribution of CDK12 and CDK13, as THZ531 

inhibits both kinases. Future studies using knockdown of each protein individually (e.g. using 

RNA interference) and treatment with Dex would be useful to determine these specific gene 

signatures.    

The effect of THZ531 on the inhibition of Dex-responsive genes in the RNA-seq data is not 

directly comparable to that first observed with PCR. The detected fold-change differences in the 

RNA seq were not as large as those measured by qRT-PCR. This is likely due to the relatively low 

depth of sequencing and therefore cannot detect changes to such a resolution. However, 

transcriptomics could not properly investigate the tethering mechanism as performed for the 

PCR as there was no activating inflammatory stimulus for the AP-1 or NF-κB transcription factors. 

Nevertheless, this would be an important question for future research to definitively define any 

effects of CDK12 and CDK13 both upon GR tethering and inflammatory pathways.    

4.3.3.2 Dex regulated genes affected by THZ531  

I defined a set of ~800 protein coding genes regulated by Gc whose expression is significantly 

altered with prior inhibition of CDK12 and CDK13 by THZ531. By normalising the expression of 

genes treated with THZ531 and Dex against the Dex-only samples, I identified genes whose 

expression was significantly perturbed (log2FC= 0.5) away from the effect of Dex alone. I then 
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used this group of differentially expressed genes to attempt to understand the mechanism 

linking GR activation to CDK12 and CDK13 activity.  

One significantly enriched ontology of Dex-regulated affected by THZ531 highlighted the close 

association between the regulation of SGK1, potassium and sodium channels. Dex has been 

previously shown to rapidly inhibit the action of three airway K+ channels to reduce epithelial 

secretions (89), although the channels differ from those identified in this study. This finding 

implicates Gc and CDK12 and/or CDK13 in the modulation of genes involved in ion channel 

activity and regulation of electrolyte homeostasis. The expression of SGK1 was potentiated to 

greater levels by Dex in the presence of THZ531. Expression of this ubiquitous kinase is known 

to be upregulated by hormones including Gc and in response to stress (265). The further 

potentiation by THZ531 may represent a stress-responsive gene regulated by CDK12 and would 

be interesting target for further investigation.  

4.3.3.3 Transcription factors and super enhancers 

A predominant molecular function of the Dex-regulated THZ531-affected gene set is 

transcription regulatory-region DNA binding, and signifies many differentially expressed genes 

are associated with transcriptional processes. Further analysis confirmed the expression of a 

broad-range of transcription factors and regulators are altered by CDK12 and CDK13 inhibition. 

This supports the results from the initial microarray analysis of THZ531 in Jurkat cells (256), 

which showed that at lower concentrations (50nM) DNA damage response genes were 

extremely sensitive to downregulation by the inhibitor. At higher doses (200 & 500nM) there 

was a significant loss of the expression of genes encoding transcription factors, particularly those 

associated with super-enhancers such as RUNX1 and GATA3 (256).  Super-enhancers are defined 

as hyper-active genomic regions with an enriched occupancy of master transcriptional 

regulators and co-activators. These sites are generally associated with cell-type identify and 

modulate chromatin structure accordingly (190) and previous ChIP-seq has found CDK12 to be 

enriched at these regions (256). Gene ontology identified cell differentiation as a top process for 

Dex-regulated genes affected by THZ531 and taken together this may implicate CDK12 and/or 

CDK13 in establishing cell identify and differentiation processes.  

4.3.3.4 AP-1 factors 

Basal genomic occupancy of AP-1 factors directs chromatin accessibility to facilitate Dex-

responsive GR binding to specific regulatory sites (72, 267). GR can functionally affect AP-1 

transcriptional outputs both by tethering and cooperative binding (181).   

Genes encoding components of AP-1 transcription factor dimer-complexes (members of JUN, 

FOS and ATF gene families), were identified as differentially regulated by Dex and affected by 
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THZ531. In addition, these were enriched as regulatory factors by the promoter analysis, 

suggesting a regulatory role in the expression of the investigated gene sets. Dex exposure 

reduces expression of JUN, JUND, FOSL1 while increases JUNB and FOSL2 expression (190) which 

I also established by RNA sequencing in this study. However, THZ531 in the presence of Dex, 

altered the level of gene expression by potentiating (JUNB, FOS, FOSB, FOSL1, ATF6), reducing 

(JUND, FOSL2) or mediating the opposite directionality (JUN, ATF3) in the level of AP-1 factor 

expression. RNA-sequencing performed by Fan et.al, following dual inhibition of analogue 

sensitive CDK12 and CDK13, found upregulation of immediate early response genes. IER2, IER3, 

IER5 and JUN and JUNB were included as the top identified factors (217) which corroborates the 

top up-regulated genes regulated by THZ531 in this study. CDK12 has previously been shown to 

be required for EGF-mediated induction of c-FOS (289), however I found that THZ531 up-

regulated the expression of FOS and FOSB genes, both alone and in the presence of Dex. The 

disparity may be a result of the differing method of inhibition, cell line used and/or time point. 

Nevertheless, these conflicting findings implicate CDK12 and/or CDK13 in the regulation of the 

expression of AP-1 factors.  

AP-1 transcription factors function as dimers, the composition and combination of which were 

once thought to direct specific genomic responses. The co-localisation of JUNB-FOSL2 has been 

shown to increase after Dex stimulation, but is most likely a result of their increased expression. 

The genomic binding patterns of AP-1 subunits have been characterised at sites termed ‘AP-1 

hotspots’. These sites are promoter distal regions, distinct from super-enhancers and highly 

enriched for AP-1 motifs. These AP-1 hotspots are found close to GR binding sites and were 

shown to have a pronounced effect upon Dex-dependent gene expression. Furthermore, the 

AP-1 factors were recruited indiscriminately at these sites with little evidence of dimer-specific 

preferences (190). Therefore, whether the THZ531 would induce changes in AP-1 factor dimer-

composition and the subsequent effect upon GR genomic action remains unknown. Given the 

close genomic interplay between the factors this may have implications for the regulation of 

inflammatory responses.  

In resting macrophages, the transcriptional start sites (TSSs) of inflammatory genes are pre-

loaded with proximal-paused-RNA polymerase II.  This release is regulated by NELF, DSIF and P-

TEFb in response to activating stimuli (290). The induction of early inducible factors is regulated 

by NELF, and the loss of which results in an enhancement of anti-inflammatory gene expression, 

in response to LPS. NELF also negatively regulates the AP-1 transcription factors and deletion 

enhances the expression of genes regulated by c-Jun and c-Fos. The phosphorylation and release 

of paused-polymerase II and NELF could not conclusively be attributed to CDK9 activity (291)  
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therefore, another CTD kinase such as CDK12 and / or CDK13 may also be involved in the post-

initiation control of inflammatory genes.  

One factor affected by the loss of NELF is CBP/EP300-interacting trans-activator (CITED2), a 

transcriptional co-regulator implicated in dampening proinflammatory gene expression (291, 

292).  CITED2 was identified as a factor upregulated by Dex and potentiated further with prior 

THZ531 exposure. As it appears NELF has a role in suppressing anti-inflammatory over activation, 

the co-regulator may represent a target of interest for further investigation. 

4.3.4 Promoter analysis  

I used the groups of identified Dex-regulated genes to perform motif or promoter analysis. In 

doing so three different methodologies were evaluated; using AME, i-Regulon and LISA 

software. The approach is not conclusive but provides an indication of transcription regulatory 

factors which are significantly associated with a set of perturbed genes. These candidate factors 

will then serve as initial targets for further experimental validation.  

4.3.4.1 Method evaluation 

GR principally binds at promoter-distal sites (189), which lead to comparing different size 

genomic regions upstream of the TSS of regulated genes. The AME method scans the promoter 

region sequences and identifies motifs based on sequence similarity from a library of motifs 

PWMs. However, initial attempts of promoter-based motif analysis using the AME server yielded 

largely similar results between the different size upstream regions. Also, given the absence of 

NR3C1 motifs for Dex-upregulated genes and lack of distinction between the results for genes 

up and downregulated by Dex, the method was not used further. Instead I utilised programmes 

with algorithms that also consider experimental data to provide a more biologically relevant 

approach. The integration of ChIP-sequencing data by both iRegulon and LISA therefore, 

assesses perturbed gene sets both as a co-regulated group and in context with other 

experimental data.  

The results using the iRegulon plugin were limited in-terms of the number of identified 

regulatory factors and presented a high degree of overlap between the predicted-regulatory 

transcription factors. With almost all groups of genes upregulated by Dex predicted to only be 

regulated by NR3C1 and FOXA1, the lack of distinction does not help to understand the potential 

underlying mechanisms. Although, in some cases specific differences were found between the 

particular motifs identified for the same factor – indicating that the same transcription factor is 

enriched yet binding at different motif between gene groups. This highlights the importance of 

considering both the bound transcription factor and specific motif to which the factor may be 
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bound. Furthermore, the motif strength and combination of motifs for different factors (e.g. 

CEBPB and GR) can influence enhancer activation in response to Dex (189). This adds further 

complexity to the identification of factors imparting regulatory control.   

The LISA ChIP based analysis found NR3C1 to be most closely associated with upregulated genes. 

This follows the canonical model of GR directly binding to GREs (23)(Figure 1.8). However, the 

distribution of FOXA1 between up- and down-regulated genes was shifted towards down-

regulated genes when comparing genes affected vs those not-affected by THZ531. Similarly, the 

FOXA1 motif was strongly associated with Dex downregulated genes in the motif-based LISA. 

Furthermore, the FOXA1-motif was not identified for the set of genes not affected by THZ531. 

This signifies that FOXA1 has a more dominant role in co-operating with GR to downregulate 

specific gene subsets in a mechanism involving CDK12 and/or CDK13.  

Overall this shows the greater level of complexity provided by the LISA in comparison to iRegulon 

analysis. This reflects what was shown in the publication validating the LISA method to identify 

known regulatory factors. The ChIP-based LISA method performed better at identifying correct 

regulatory-transcription factors within the top 10 for different gene sets in comparison to the 

motif approach. However, both methods outperformed the iCisTarget methods (developed 

form iRegulon)(179).  

In order to incorporate the full scope of potential regulatory factors in the promoter and motif 

analysis, all the factors from datasets were included – regardless of experimental cell type. 

Filtering was performed to remove mouse datasets in addition to applying a significance 

threshold equivalent to an adjusted p value <0.05. The results could have been filtered further 

to only include Lung specific cell types – given that sequencing was performed using A549 cells. 

However, filtering to only include datasets from A549 would greatly reduce the number of 

included data sets and reduce the potential to identify regulating transcription factors. For an 

initial analysis I wanted to investigate any transcriptional regulators which could provide a link 

between GR and CDK12/CDK13 in a hypothesised conserved mechanism. As GR and CDKs are 

ubiquitously expressed proteins datasets from different experimental cell sources were included 

to support the rationale that the relationship between GR and CDK extends beyond A549 cells. 

Of the most significant identified transcription regulators such as RELA, JUN and FOS, expression 

and GR-crosstalk with these factors occurs across various tissues (72, 92, 116). Whereas the 

lineage specific transcription factors including members of the GATA and FOX family, are more 

likely to represent their role as pioneer factors and cooperative binding with GR during 

development (293, 294). Although, the activity of tissue specific factors such as GATA3 are less 

important in A549 cells, preliminary knowledge of a putative transcriptional-mechanism could 
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be applied to more relevant contexts, such as breast cancer where GATA3 (295) and CDK12 (264) 

are implicated.     

4.3.4.2 Identified factors 

Both iRegulon and LISA algorithms detected factors which are known to participate in concert 

with GR at regulatory regions (eg., CEBPB, FOX, TEAD, GATA, AP1)(181, 188-190). This provides 

confidence that the results are biologically relevant. However, the ChIP-based LISA analysis 

indicated that the differences in gene expression between groups, stratified depending on the 

effect of THZ531, might not be due to the presence or activity of unique factors. Rather, 

inhibition of CDK12 and CDK13 could result in the shift in activity of the shared factors or 

differential cooperation between factors.  

GR binding across the genome depends on established regions of accessible chromatin. 

Therefore, GR binding requires factors associated with active enhancers such as bound pioneer 

factors, EP300 and H3K27ac (189). This is thought to be fundamental mechanism underlying GR-

context dependent responses. Genomic binding of the histone acetyltransferase EP300 is 

dynamic and responsive to Dex in addition, GR colocalises with EP300 at enhancers which is an 

important factor in accessibility. Gc- stimulation results in a shift in the binding of transcription 

factors at enhancers, including JUN, JUNB, FOSL2, CEBPB (189). EP300 was enriched by iRegulon 

analysis irrespective of whether the expression of target genes was affected by THZ531 

suggesting that GR-EP300 interaction is important for the expression of GR-responsive genes 

but is a mechanism independent of CDK12 and CDK13.  

RAD21 was strongly associated with Dex-upregulated genes, for the CHIP-seq analysis. This 

protein is a member of the cohesin complex, and has many functions including in the repair of 

double-strand DNA breaks, correct chromosome segregation, DNA replication and transcription 

regulation (268).  Although present for both groups of Dex-regulated genes, RAD21 was more 

significantly associated for genes affected by THZ531. RAD21 has been shown to cooperate with 

tissue specific transcription factors and CCCTC-binding factor (CTCF) which directs RAD21 to DNA 

binding sites. Furthermore, CTCF cooperates with the cohesin complex to maintain high-order 

chromatin structure and enable long-range interactions. This process can facilitate both 

transcriptional activation and repression, but CTCF is generally associated with inactive 

chromatin regions (296).  

CTCF was identified by ChIP-based LISA analysis (data not shown). In agreement with RAD21, 

CTCF was most significantly associated with upregulated genes, particularly Dex-regulated genes 

affected by THZ531. Further to this, both factors had a greater association with the reduced 

gene set followed by the potentiated set. Based on these results, CTCF and RAD21 appear to be 
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an associated mechanism for these sets of upregulated genes.  However, a recent study has 

shown Gc responsive chromatin interactions are correlated with enriched RAD21 but depleted 

CTCF occupancy (188). Although, the aforementioned study was comparing Dex-responsive 

occupancy. As CTCF has previously been shown to be irresponsive to stimuli, including Dex,  

(189) identification of CTCF by the analysis is likely a result of CTCF’s role in maintaining basal 

chromatin interactions.   

At sites of high DNase accessibility, GR co-binds with pioneer factors including FOXA1. FOXA1 

and AP-1 motifs have been shown to be enriched sites of GR-binding which regulate repressed 

genes. AP-1, FOXA1, GR and CEBPB motifs are significantly enriched for activated genes (188) 

which largely reflects the distribution of factors observed from the LISA-ChIP analysis. FOXA1 

and FOXA2 are essential for cell specification and differentiation during development (297). GR 

also contributes to the later-stage maturation of the lung epithelium - from which A549 cells are 

derived. The close association may reflect their role, in addition to other developmental 

transcription factors ETS and GATA6, in development. 

The binding of FOXA1 has been is closely associated with steroid receptors which has been 

described as a reciprocal relationship for chromatin interactions and accessibility (294). The 

promoter analysis approaches implicate FOXA1 in the expression of genes differentially 

expressed both up and down in response to Dex.  iRegulon identified NR3C1 and FOXA1 as 

exclusively responsible for genes with Dex-responsive increase in expression. The interplay 

between GR and FOXA1 has been previously demonstrated and a redistribution of GR binding 

has been shown in absence of FOXA1 (298). Co-binding of FOX proteins can facilitate direct GR 

binding at nearby GREs as well as, tethered-binding (298). Taking the LISA ChIP-seq analysis, 

THZ531 appeared to shift the association of FOXA1 from upregulated genes towards 

downregulated gene groups. Of the genes whose expression was potentiated in presence of 

THZ531, FOXA1 were correlated with genes upregulated by Dex. As the expression of these 

genes increased further with CDK12 and CDK13 inhibition, one explanation could involve direct 

binding of GR and FOXA1 at proximal sites to directly upregulate genes. In absence of CDK12 

and CDK13 an inhibitory co-factor may be inactive or removed, permitting increased expression.  

Although, a confounding finding would be the lack of FOXA1 motif associated with Dex 

upregulated genes. The LISA motif approach implicated motifs for FOXP1, FOXA1 and FOXA2 all 

associated with genes downregulated by Dex and affected by THZ531. Moreover, these factors 

were absent for genes not affected by THZ531. The most significant association was for genes 

regulated in the opposite direction by THZ531. The predominance towards Dex-mediated 

downregulation signifies a mechanism involving GR tethering to FOX factors bound directly to 

their specific sequence or a looping mechanism as a means for regulating distal promoters (188, 
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191). However, this cannot explain how loss of CDK12 and CDK13 activity can modulate 

expression in opposing directions. Transcription factors can bind regions in different 

orientations resulting in allosteric modification which could underlie such differences (59, 80, 

298). More-in-depth analysis of the precise binding pattern and proximity of identified motifs to 

GRE is required. In addition, investigation of specific genes of interest may help to further 

decipher the mechanism.  

Finally, one identified transcription factor motif, myeloid zinc finger protein MZF1 was 

significantly associated with upregulated genes affected by THZ531, surpassing NR3C1. MZF1 

regulates transcription during haematopoietic development and has been implicated as a proto-

oncogene in both solid tumours and hematopoietic malignancies (299). MZF1 is associated with 

invasion and epithelial to mesenchymal transition (300), an enriched ontology for Dex-regulated 

genes affected by THZ531.  

RNA-sequencing provides broad coverage of the entire genome and the sequencing depth can 

be a limitation, particularly for genes with low expression. Although RNA-seq is an unbiased 

approach, analysis relies on computational alignment of sequences to the reference genome 

which is not a standardised process. Furthermore, bias towards a greater expression for longer 

genes must also be considered because mRNA transcripts are fragmented prior to sequencing 

long transcripts produce more fragments in comparison to a shorter transcripts with equivalent 

expression. A more precise, albeit lower throughput, approach to confirm the differential 

regulation would be qPCR with primers specifically targeted to the sequence of the gene of 

interest. This is more sensitive to detect treatment induced changes especially for genes with 

low expression. Therefore, independent verification to confirm the differential expression of key 

genes of interest by means of qPCR is necessary to validate transcriptional the effects of Dex 

and THZ531.  

Overall, further investigation into the relevance of these identified transcription factors in 

relation to CDK12 and CDK13 in the regulation of GR-mediated transcription may have 

importance for the understanding transcriptional regulation during development and cancer 

progression. Future unbiased approaches such as ChIP-seq would shed light on the genomic 

binding patterns of CDK12, CDK13 and GR in response to Dex and could also be investigated in 

the presence of inflammation.  
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Chapter 5: Cell-matrix interactions and the effect upon 

transcription factor dynamics 

5.1 Introduction 

Macrophages are central governors of local tissue homeostasis and highly receptive to 

microenvironmental cues, making them a fundamental target of Gc action in inflammatory 

disease (301). As part of the first-line of host defence, macrophages initiate innate inflammation 

following the recognition of pathogen associated molecular patterns (PAMPs) by innate pattern-

recognition receptors (PRRS), including toll-like receptors (TLRs). The presentation of antigen by 

macrophage along with their secretory repertoire of chemokines and cytokines, connects both 

the innate and adaptive arms of inflammation. The phagocytic capacity of macrophage primarily 

aids in the removal of inflammatory tissue debris for resolution and contributes to wound 

healing (127, 301). However, under pathologic conditions, macrophages can contribute to the 

perpetuation of chronic inflammation. Macrophages are capable of these divergent functions 

through distinct transcriptional programmes influenced by the local tissue environment in which 

local factors determine the phenotypic activation state. Tissue architecture is significantly 

altered in disease states such as fibrosis, chronic inflammation and the tumour 

microenvironment.  

To date, studies have not considered the potential contribution of such mechanical signals in 

the context of GR action. Stretched cell geometry reduces the rate of translocation and level of 

p65 nuclear occupancy (134) while a stretched-induced skewing towards an ‘M2’ phenotype has 

been described in macrophages (153). One hypothesis would be that a stretched cellular 

morphology positively affects the rate and level of GR nuclear translocation, which, in 

conjunction to reduced levels of nuclear p65, promotes a more anti-inflammatory cell state. 

Considering the converse whereby GR translocation is hindered by alternate, confined 

geometries, could result in a compromised capacity of GR to respond to ligands and 

subsequently enter the nucleus to dampen pro-inflammatory p65-mediated transcription.  Such 

morphology-associated reciprocal effects would modulate a cell’s responsiveness to 

inflammatory signals. Therefore, I aimed to investigate how macrophage responsiveness to Gc 

could be altered by cellular geometry.   
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5.2 Results 

5.2.1.1 GR is expressed and phosphorylated in response to Dexamethasone 

Each of the three-human leukaemia-derived cell lines, used in the study were selected based on 

their capacity to be differentiated towards a macrophage-like phenotype. Firstly, it was 

important to characterise and assess the responsiveness of each of the cell lines to Gc and 

determine which would be the most suitable to model GR signalling.  

In order to confirm the expression of the GR and its ligand-dependent activation induced by Dex; 

HL-60, U-937 and THP-1 cells were cultured in steroid depleted media overnight and treated 

with 100nM Dex. The presence of total GR and phosphorylated GR (pS211-GR) protein was 

assessed by immunoblot using specific antibodies (Figure 5.1). All the cell lines express GR and 

no significant differences in total protein expression were observed by treatment. Ligand-

dependent phosphorylation of GR at position serine 211 (Ser211) is associated with nuclear 

translocation of GR and therefore serves as a marker of GR activation. pSer211 GR was detected 

and increased in response to Dex treatment (Figure 5.1), with measurable increases detected in 

HL-60 and THP-1 cells (the latter showing a statistically significant effect) and indicates steroid 

responsiveness. Treatment induced phosphorylation was not robustly observed in U-937 cells 

suggesting a potential defect in GR activation in these cells.  
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Figure 5.1 Evaluation of cell line responsiveness to Dexamethasone  

HL-60, U-937 and THP-1 cells were treated with 100nM Dex for 1 hour. Protein expression was analysed by immunoblot 
using 5µg protein lysates. Specific antibodies against GR, phosphorylated Ser211 GR and β-actin were used to detect 
protein. The blot is representative of three independent experiments. Statistical analysis was performed using two-way 
ANOVA with Šídák post-hoc multiple comparisons test comparing the mean of treatment and vehicle rows between 
each cell line only. (n=3) *P<0.05. 

 

  

100

75

37

50

100

75

HL-60 U-937 THP-1
0.0

0.5

1.0

1.5

2.0

G
R 

/ t
ot

al
 p

ro
te

in
 ra

tio

HL-60 U-937 THP-1
0.0

0.5

1.0

1.5

2.0

p S2
11

 G
R/

 to
ta

l G
R 

ra
tio Veh

Dex

PSer211 GR

GR

β-actin

HL-60 U-937 THP-1
0.0

0.5

1.0

1.5

2.0

Re
la

tiv
e 

De
ns

ity
 p

Se
r2

11
 G

R/
 to

ta
l G

R 

Veh

Dex

✱



 

 185 

5.2.1.2 GR induces the transcription of target genes in HL-60 and THP-1 cells 

To assess whether the observed Dex-induced activation of GR is functional and capable of 

producing a transcriptional response, cells were treated with 100nM Dex for 4 hours. Gene 

expression analysis by RT-qPCR verified an upregulation in the expression of five known GR-

regulated genes following acute exposure to Dex: FKBP5, encoding an inhibitory chaperone 

protein component of the complex which holds GR in the cytoplasm; GILZ, encoding an 

inhibitory molecule which facilitates Gc-mediated dampening of pro-inflammatory signalling 

pathways (302); PER-1, encoding a transcriptional repressor involved in the circadian clock; the 

gene for the phosphatase DUSP-1, a negative feedback regulator of the MAP kinase pathway 

which limits AP-1 activity (303) and NFKBIA, encoding the inhibitory molecule responsible for 

sequestering NF-κB proteins in the cytoplasm (116, 117). Figure 5.2 shows a consistent, 

significant upregulation of Gc-inducible genes in response to treatment measured in HL-60 and 

THP-1 cells. For all genes investigated in the U-937 cells, relatively small fold changes in 

expression were measured compared to those untreated, none of which reaching statistical 

significance. This is in line with the lack of measurable pSer211 GR phosphorylation (Figure 5.1) 

and suggests that the HL-60 and THP-1 cell lines produce the most robust transcriptional 

response post-Dex treatment.    

5.2.1.3 GR nuclear translocation can be visualised in THP-1 Cells 

Given that the measurement of the nuclear shuttling dynamics of GR at a single cell level is 

important for future investigation of cell morphology, the subcellular localisation of GR was 

analysed. Suspension cells were seeded onto poly-L-lysine coated coverslips overnight in steroid 

depleted medium before being treated with 100nM Dex for 1 hour. The HL-60 cells had poor 

adherence to the coverslips resulting in very low cell numbers for imaging and analysis. Weak 

staining of F-actin also resulted in poor quality images which suggested these cells would be 

unsuitable for subsequent imaging studies. U-937 cells displayed staining of GR and F-actin with 

some evident nuclear localisation of GR in Dex treated cells (data not shown). However, 

variability was noted between cells in experimental repeats. The most consistent staining was 

observed in THP-1 cells. In comparison to the other cell lines investigated, the translocation of 

GR to the nucleus was the most evident, with bright GR staining in the nucleus (Figure 5.3). This 

shows that GR cytoplasmic-nuclear compartmentalization can be visualised in THP-1 cells and 

that these cells were the most suitable for further assessment by microscopy.   
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Figure 5.2 Assessment of Dexamethasone responsive gene expression 

HL-60, U-937 and THP-1 were treated with 100nM Dexamethasone (Dex) for 4 hours. Cells were lysed and gene 
expression was assessed by Taqman qPCR. Fold changes were calculated relative to vehicle treated control and 
normalised to GAPDH housekeeping gene. Data is presented as the mean fold change and standard error of the mean 
(SEM) of three independent experiments each performed in triplicate. Statistical analysis was performed using two-way 
ANOVA with Šídák post-hoc multiple comparisons test comparing the mean of treatment and vehicle rows between 
each cell line only. (n=3) *P<0.05,***P<0.001,****P<0.0001. 
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5.2.2 Nuclear: Cytoplasmic ratio as a measure of GR and p65 localisation 

An initial priority was to establish an image analysis method to measure the nuclear-cytoplasmic 

ratio of GR and p65 in order to quantify changes in subcellular localisation under different 

conditions. Building on the work of previous studies quantifying the translocation of the NF-κB 

subunit p65 (304) and identification of cell phenotypes (305), Cell Profiler image analysis 

software was used to create a high throughput pipeline (164). The pixel staining intensities of 

transcription factors from both the cytoplasmic and nuclear compartments were combined to 

produce a ratio (nuclear: cytoplasmic ratio) as a measure of translocation.      

THP-1 cells were plated as before and treated with either: vehicle, 10ng/ml TNF-⍺ for 3 hours, 

100nM Dex for 1 hour or a combination. Figure 5.3 shows that the transcription factor 

localisation is apparent and can be quantified to determine treatment effects on the cellular 

distribution of GR and p65. The nature of the cells having a high nuclear to cytoplasmic area 

ratio however, may limit ability to evaluate compartmentalisation. In the samples treated with 

Dex, GR staining is evidently more nuclear in comparison to the vehicle which is indicative of 

translocation in response to ligand. In the samples treated with both TNF-⍺	and Dex the nuclear: 

cytoplasmic (N:C) ratio of GR is also significantly increased. However, only TNF-⍺ treatment 

alone resulted in an increase in p65 nuclear localisation.  

  



 

 188 

 

Figure 5.3 Quantification of GR and p65 translocation in THP-1 cells 

THP-1 cells seeded on poly-L-lysine-coated coverslips and treated with either: vehicle, 10ng/ml TNF-⍺ (3 hours),100nM 
Dex (1 hour) or combination. Cells were fixed permeabilised and stained for GR (red) and p65 (green), counterstained 
with Hoechst 33342 (blue). Representative immunofluorescent images of two independent experiments performed in 
duplicate, images captured X100 magnification. Quantification of nuclear:cytoplasmic ratio of GR and p65. Data is 
presented as the mean ratio of pixel intensity in nuclear and cytoplasmic compartments per field of view with the 
standard deviation for two independent experiments analysed using Cell Profiler. Scale bar: 20µm 
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5.2.2.1 Nuclear translocation of GR and p65 is evident by 10 minutes 

To measure the nuclear-translocation dynamics of the transcription factors and validate the 

analysis pipeline, A549 cells were treated with 100nM Dex over a time-course of up-to 60 

minutes. GR localisation was visualised by immunostaining at each timepoint. This characteristic 

shift in localisation from cytoplasmic to predominantly nuclear is clearly visible by 

immunofluorescence in these cells (Figure 5.4). A significant increase in the GR N:C ratio is 

quantifiable by 5 minutes and remains at peak levels between 10-60 minutes post-exposure. 

Similar time-course experiments were also performed by treating A549 cells with 10ng/ml TNF-

α and measuring p65 localisation. This revealed significant increase in p65 nuclear translocation 

is measurable by 10 minutes, with the greatest N:C ratio peaking at 30 minutes and is sustained 

at 60 minutes post treatment (Figure 5.5). To assess localisation of GR in response to Dex in the 

context of inflammation, cells were treated with Dex for 60 minutes following 2-hour pre-

treatment with TNF-α (Figure 5.6). The GR N:C ratio was significantly increased by Dex however, 

with TNF-α pre-treatment, the extent of translocation quantified by N:C ratio was lower than 

that of Dex alone but still increased in comparison to untreated cells. Likewise, p65 was 

significantly increased by TNF-α which was not altered by the presence of 100nm Dex. This 

demonstrates functional translocation of GR and p65 in response to activating stimuli in A549 

cells and ligand-induced translocation of GR is affected in the presence of the inflammatory 

cytokine TNF-α. 
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Figure 5.4 Nuclear translocation of GR response to Dexamethasone 

A549 cells were seeded onto coverslips and treated with 100nM Dexamethasone over a time course range 5min-60 
minutes. Cells were fixed, permeabilised and stained for GR (green), F-actin (red) and counterstained with Hoechst 
33342 (blue). Representative immunofluorescent images of two independent experiments captured on Widefield 
microscope x60 magnification. Scale bar: 20µm. Quantification of nuclear:cytoplasmic (N:C) ratio of GR. Using F-actin 
staining to determine whole cell area for cytoplasmic region of interest. Data is presented as the mean N:C ratio per 
field of view and standard deviation for two independent experiments (n=2). 
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Figure 5.5 Nuclear translocation of p65 in response to TNF-𝛂 

A549 cells were seeded onto coverslips and treated with 10ng/ml TNF-⍺ over a time course range 5min-60 minutes. 
Cells were fixed, permeabilised and stained for p65 (green), F-actin (red) and counterstained with Hoechst 33342 (blue). 
Representative immunofluorescent images of two independent experiments captured on Widefield microscope x60 
magnification. Scale bar: 20µm. Quantification of nuclear:cytoplasmic (N:C) ratio of p65. Using F-actin staining to 
determine whole cell area for cytoplasmic region of interest. Data is presented as the mean N:C ratio per field of view 
and standard deviation for two independent experiments. (n=2) 
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Figure 5.6 GR translocation in the presence of inflammation 

A549 cells were seeded onto coverslips and treated with 10ng/ml TNF-⍺ for 3 hours and/or 100nM Dexamethasone for 
1 hour. Cells were fixed, permeabilised and stained for p65 (green), GR (red) and counterstained with Hoechst 33342 
(blue). Representative immunofluorescent images of three independent experiments captured on Widefield microscope 
x60 magnification. Scale bar: 20µm. Quantification of nuclear:cytoplasmic (N:C) ratio of p65 and GR. Using p65 staining 
to determine whole cell area for cytoplasmic region of interest. Data is presented as the mean N:C ratio per field of view 
and standard deviation for three independent experiments. Statistical analysis was performed using one-way ANOVA 
with Tukey’s post-hoc multiple comparisons test comparing the mean of treatment with the mean of every other. 
*P<0.05, ***P<0.001, ****P<0.0001. (n=3) 
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5.2.3 PMA induced differentiation  

5.2.3.1 THP-1 cells acquire macrophage morphology 

The differentiation of the three selected cell lines to a macrophage-like phenotype following 

treatment with PMA is a well-documented process (163, 306-308). However, the concentration 

and time period to achieve differentiation varies significantly between studies. Higher 

concentrations used in early studies are now considered to induce aberrant upregulation of 

certain genes which mask any experimentally induced pro-inflammatory signals (163). Also, 

considering more-recent classification of the signals inducing the spectrum of macrophage 

phenotypes (309), it was necessary to devise an optimised methodology.  

Each cell line was treated with 5-100 ng/ml PMA for 48 hours and allowed to rest in PMA free 

medium for a further 48 hours. This was previously reported as necessary to allow for further 

upregulation of macrophage markers and allow PMA induced signals to diminish (306). 

Macrophage differentiation is associated with morphologic changes. Most notably the 

adherence of the suspension cells to culture plates and an increase in cell size and spreading 

which were assessed as an initial measure of differentiation (163).  

The morphology of human monocyte-derived macrophages is shown for each concentration of 

PMA (Figure 5.7A-C). The images shown were taken at 48 hours and by this time point cell 

adherence was evident for all cell lines at all concentrations, yet to a lesser extent in the U-937s. 

HL-60s adhere in clumps (Figure 5.7A) with some protruding appendages from the groups of 

cells. Similarly, the U-937 (Figure 5.7B) also form clusters with increasing PMA concentrations 

and only a small percentage of cells display notable changes in morphology. In contrast the THP-

1 cells exhibit characteristic spreading and ameboid morphology with no distinct observable 

differences between treatment concentration (Figure 5.7C).   

Following a 48-hour rest period the extent of differentiation was measured by counting the 

proportion of cells which had adhered to the culture plate compared to those left in suspension, 

in conjunction with assessing cell viability. There is no clear dose-dependent increase in cell 

adhesion for any of the cell lines when treated with PMA, which supports the suggestion that 

lower concentrations are adequate to stably differentiate cells. Adherence of between 

approximately 70-80% was shown for HL-60 cells (Figure 5.7A) and a gradual decline in viability 

with treatment concentration, yet did not fall lower than 75% viability. The percentage of 

adherent U-937 cells was variable and cells were easily detached with washing, this is not likely 

due to cell death from PMA treatment as cells retained high viability. Since U-937 displayed 

minimal changes in morphology and poor GR responses during characterisation it was decided 

these cells were an unsuitable model of Gc responses in macrophages.  
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Around 75% of THP-1 cells differentiated with lower PMA concentrations (5-10 ng/ml). In terms 

of highest adhesion, Figure 5.7C indicates that 25 ng/ml PMA treatment induces the most stable 

differentiation. Despite a slight dip in viability at this concentration, viability is not compromised 

at higher concentrations, therefore it seems unlikely treatment causes cell toxicity. Overall, 

considering the responsiveness to Gcs, immunofluorescent imaging capabilities, and evidence 

of differentiation the THP-1 cells were selected for subsequent study as the most suitable model. 

 

Figure 5.7 Assessment of PMA induced differentiation of monocytic cell lines 

HL-60 (A),U-937 (B) and THP-1 (C) cells were treated with varying (0-100 ng/ml) concentrations of PMA for 48 hours, 
cells were washed and cultured for a further 48 hours in PMA-free media. Representative brightfield images are shown 
to assess the morphological changes following 48 hours culture with PMA.  X20 magnification. Scale bar represents 
200µm. Bar graphs showing cell adherence expressed as percentage of total cells measured by cell counts. Cell viability, 
was assessed by trypan blue exclusion - counts taken 48 hours post media change of three independent experiments. 
(n=3)   
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5.2.3.2 Cytokines to further induce M1/M2-like phenotype  

The differentiation procedure was expanded further to incorporate the skewing of macrophage 

phenotypes with cytokines for 48 hours (outlined in schematic Figure 5.8). Classically activated 

macrophages are induced by IFN-ɣ stimulation, with ligation of TLR4 by bacterial LPS and 

characterised by pro-inflammatory secretion. Exposure to IL-4 or IL-13 generates alternatively 

activated macrophages which preferentially secrete anti-inflammatory cytokines (307).  Cells 

were differentiated with 25 ng/ml PMA for 48 hours, the media changed and rested for 72 hours 

prior to treatment for a further 48 hours with either IFN-γ and LPS (M1-like) or IL-4 (M2-like). 

Previous nomenclature has focused on the linear range of macrophage phenotypes described 

as: M1- pro-inflammatory and M2- promote wound healing.  However, for experimental 

reporting this has recently been reconsidered to reflect range of activating stimuli leading to a 

spectrum of polarised states eg: M(IFN-γ) and M(IL-4) (309, 310). Chronic exposure to Gc in 

experimental models also generates a glucocorticoid-mediated programme of differentiation in 

monocytes and macrophages (123, 310). This generates a stable immunosuppressive 

phenotype, M(Gc), with increased phagocytic capacity, capable of suppressing adaptive 

inflammation in in vitro disease models, both directly and via the induction of regulatory T cells 

at inflammatory sites (311) (125, 312). Therefore, only acute Gc treatments (<6 hours) to assess 

immediate GR responses were investigated. 

Immunoblotting confirms that differentiation does not affect Gc activation, as measured by an 

increased level of GR phosphorylated at position pSer211 upon Dex exposure (Figure 5.9A). The 

secretory profile of the differentiated cells was evaluated by ELISA. TNF-α was highest on day 2 

following PMA stimulation and reduced all subsequent phenotypes after the rest period. 

Following the rest and cytokine skewing, the ‘M1-like’ M(IFNγ,LPS) cells had the highest secreted 

levels TNF-α which was followed by the M0 phenotype which had not been exposed to cytokines 

(Figure 5.9B). The ‘M2-like’ M(IL-4) displayed the lowest levels of secreted TNF-α and higher 

levels of IL-10 in comparison to the skewed ‘M1-like’ phenotype, which reflects the desired 

characteristics (Figure 5.9C). 
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Figure 5.8 Schematic of THP-1 differentiation into macrophage-like phenotype 

THP-1 cells were treated with 25ng/ml PMA for 48 hours and cultured for 72 hours in PMA free media before treatment 
with cytokines: M1 phenotype - 10ng/ml LPS, 20ng/ml IFN-γ or M2 phenotype - 20ng/ml IL-4 for a further 48 hours. 
Schematic of protocol, brightfield images captured at each time point x20 magnification. Scale bar: 200µm.  

 

Figure 5.9 Assessment of differentiated THP-1 functional responses  

Differentiated cells treated with 100nM Dex for 1hour to measure total level of GR protein and response to ligand post-
differentiation. Protein expression was analysed by immunoblot (A). Specific antibodies against GR, phosphorylated 
Ser211 GR and β-actin were used to detect protein. Representative blots from three independent experiments. (n=3). 
ELISA quantification of TNF-a (B) and IL-10 (C) secreted in by THP-1 cells following differentiation (n=3). 

Undiff M0

- + - + - + - +

GR

P Ser 211 GR

β-actin

100nM Dex

M(IFNγ,LPS) M(IL-4)

37

50

75

100

100

75

A)

B) C)

Day2 M0 M(IFNγ,LPS) M(IL-4)
0

500

1000

1500

2000

2500

TN
F-
α

 (p
g/

m
l)

Secreted TNF-α

Day2 M0 M(IFNγ,LPS) M(IL-4)

0

100

200

300

400

IL
-1

0 
(p

g/
m

l)

Secreted IL-10



 

 197 

5.2.3.3 Murine Macrophages 

The mouse monocyte/macrophage cell lines RAW264.7 and J774 have the advantageous 

property in that they are adherent. These cells were included with the aim of using a comparison 

of adherence with the differentiated THP-1 cells upon the matrix-coated micropattern chips 

used to manipulate cell geometry. Figure 5.10A shows the morphology of the cells under resting 

conditions, RAW264.7 cells adhere in clusters whereas the J774 cells demonstrate a spread 

morphology with multiple appendages. The cells were also assessed for their suitability for the 

model by their capacity to respond to Dex, measured by immunoblot and immunostaining. Both 

cells express GR protein (Figure 5.10B) and both are responsive to Dex treatment, as measured 

by the increase in phosphorylation of residue Serine 211.  

Cytoplasmic shuttling of GR and p65 was evaluated following 2 hr pre-treatment with 10 ng/mL 

LPS and then 100nM Dex. RAW264.7 cells displayed a measurable increase in GR nuclear 

translocation for all Dex-treated conditions, including with prior-inflammatory stimulation, 

while p65 nuclear translocation was significantly increased by LPS (Figure 5.10C). J774 cells 

showed a similar pattern of responsiveness (Figure 5.10D), with increased GR nuclear 

translocation following Dex treatment but this was not affected by the presence of 

inflammation. p65 translocation was significantly increased only for cells treated with LPS in the 

presence of Dex. This may be due to the increased resting N:C ratio (>1 ) GR and p65 in resting 

cells observed for this cell line which suggests a greater nuclear occupancy under resting 

conditions and was observable by immunofluorescence.  

In summary, I determined that THP-1 cells display a measurable response to Dex, indicative of 

functional GR activity and differentiation into M1-like or M2-like cells does not alter 

responsiveness to Dex. The nuclear localisation of GR and p65 can be scored using 

immunofluorescence microscopy and demonstrate that Dex-induced nuclear localisation is 

reduced under pro-inflammatory (TNF-α) conditions.  These experiment show that THP-1 are 

suitable to study the effects of cell geometry on GR and p65 cross-talk.   
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Figure 5.10 Characterisation of murine cell line responsiveness to Dexamethasone 

A) Brightfield images RAW264.7 and J774 murine macrophage cell lines in culture captured on EVOS microscope x10 
and x20 magnification scale bar 400µm and 200µm respectively. B) Cells were treated with 10 ng/ml LPS prior to 100nM 
Dex for 1 hour. Protein expression was analysed by immunoblot using 5µg protein lysates. Specific antibodies against 
GR, phosphorylated Ser211 GR and β-actin were used to detect protein. Representative blots from three independent 
experiments. (n=3).  For the assessment of GR and p65 translocation RAW264.7 (C) and J774 cells (D) were treated with 
10ng/ml LPS (3 hours) followed by 100nM Dex  (1 hour). Cells were fixed permeabilised and stained for GR (red) and p65 
(green), counterstained with Hoechst 33342 (blue). Representative immunofluorescent images of two or three 
independent experiments respectively. Images captured X60 magnification. Data is presented as the mean ratio of pixel 
intensity in nuclear and cytoplasmic compartments per field of view analysed using Cell Profiler. RAW264.7 (n=2) J774 
(n=3). Scale bar: 20µm 

 

  

x10 x20

R
AW

 2
64

.7
J7

74

β-actin

GR

pS211 GR

RAW264 J774
- +             - +100nM Dex

37

50

75

100

100

75

200µm

200µm400µm

400µm

RAW264.7 J774
0

2

4

6

8

Re
la

tiv
e 

De
ns

ity
 p

Se
r2

11
 G

R/
 to

ta
l G

R 

Veh

Dex

A) B)

C)

D)

Vehicle LPS
0

1

2

3

4

G
R 

N:
C 

Ra
tio

GR

Vehicle LPS
0.0

0.5

1.0

1.5

2.0

2.5

p6
5 

N:
C 

Ra
tio

Vehicle

Dex

p65

Vehicle LPS
0.0

0.5

1.0

1.5

2.0

2.5

G
R 

N:
C 

Ra
tio

GR

Vehicle LPS
0.0

0.5

1.0

1.5

2.0

p6
5 

N:
C 

Ra
tio

Vehicle

Dex

p65



 

 199 

5.2.4 Manipulation of Cell Geometry   

5.2.4.1 CYTOOchipTM Micropatterns Force Cell Geometry  

Cell shape can direct internal cytoskeletal organisation and nuclear architecture - which in turn 

regulates gene expression (150). Fibronectin-coated micropatterns attempt to replicate 

extracellular contacts in the form of adhesive matrix zones, which force cells to spread and adopt 

an identical morphology (313, 314). This establishment of external cellular contacts is 

propagated to influence the arrangement of the internal cytoskeleton (314). This method using 

commercially produced CYTOOchipTM micropatterns permits the controlled study of intracellular 

cellular signalling events in geometrically altered-cells (size, aspect ratio and shape). This can be 

utilised to test responses to environmental physical cues (144, 314) and mimic the cell polarity 

established by cell-cell and cell-ECM interactions.  

5.2.4.2 Pattern Optimisation 

For initial optimisation of the technique, cells were plated onto micropatterns chips which had 

been pre-incubated with a fibronectin solution, which selectively coats the ‘activated’ areas, to 

which the cells adhere. ‘Starter chip A’ contains four different shaped patterns, each with three 

different sizes and were used to determine the most appropriate and reproducible condition for 

analysis. Cells must attach to the fibronectin region, which occurs as quickly as 20 minutes, but 

the time taken for cells to spread and adopt the shape can vary. This spreading was observed at 

hourly intervals to determine the optimal spreading time using the epithelial cell line A549. The 

brightfield image in Figure 5.11A illustrates the grid-like organisation of single cells with 

unpatterned fibronectin borders around each section for cells to spread without constraint 

(referred to as ‘unpatterned cells’), depicted in the chip-layout diagram in Figure 5.11B. At 1-

hour post seeding, cells are shown to have adhered to the chip yet a limited number of cells 

have spread (white arrow) which was evident by 5 hours when the chips were fixed.  
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Figure 5.11 Characterisation of A549 on CYTOOchipTM Starter A micropattern chip 

A549 cells were seeded onto Starter A micropattern chips pre-coated with fibronectin. A) Brightfield images of A549 
cells to observe cell spreading at specified time points: 1,3 and 5 hours at x4 and x10 magnification. White arrow 
showing adhered but not spread cell (top right panel) and cell spread to adopt cross bow shape (bottom right panel). 
Scale bars represent 400µm and 1000µm respectively. B) Schematic of starter A chip layout taken from CYTOOchip 
website (https://cytoo.com/micropattern-products/chips/cytoochips™-starters-x18) demonstrating the 4 different cell 
morphologies and 3 different spreading sizes. C) Representative image of A549 cells spread over crossbow micropattern. 
Left: stained for p65 GR, nuclei stained with Hoechst 33342 and 650nm fluorescent fibronectin pattern in red. Right: 
Pixel intensity staining of F-actin.   

 

5.2.4.3 Cell Features 

Figure 5.11C shows the shape of the medium crossbow pattern (fibronectin coating stained red) 

and cells which have fully spread to adopt the external cell geometry with an off-centred nucleus 

orientating towards the ‘contractile’ non-adhesive edge, demonstrating how the method forces 

the polarity of internal organisation of the cell (314). High intensity staining of F-actin is evident 

with regions of high density fibres around the cell periphery. A549 cells seeded on the starter A 

pattern are displayed in Figure 5.12 for all sizes and shapes. Cells were stained for α-tubulin and 

F-actin to observe internal cytoskeletal features. For cells forced to adopt the shape of the 

adhesive pattern, the actin network becomes polarised and polymerises at adhesive edges, 

while the formation of stress fibres and microtubule growth is directed along non-adhesive 

zones. This contributes to the positioning of the nucleus which is often seen to be off-set from 

the centre of the cell (314).  
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The mean cell area was quantified based on the staining of F-actin to define cell edges (Figure 

5.12). This was found to be greater for cells constrained on micropatterns in comparison to those 

on the unpatterned fibronectin surface indicating the micropatterns induce a spread 

morphology larger than the natural phenotype. Generally, the measured cell area increased 

between small and medium sized patterns - this was most evident for the crossbow and ‘H’ 

shape. Inefficient spreading of the cells meant there was an insufficient number of cells on large 

patterns to perform measurements or for further analysis.   

The nuclear area was measured and defined by Hoechst 33342 staining. The nuclear area was 

proportional to the spreading area by which, the nuclear area was larger for cells spread on 

micropatterns compared to cells in their natural conformation upon fibronectin (Figure 5.12). 

To some extent, the mean nuclear area is increased, between small and medium size patterns 

for each shape. These results show that these commercial plates can be used to manipulate the 

cell morphology and cytoskeleton, although the number of cells adopting the desired 

morphology was very low; this makes statistical analysis of data difficult. 



 

 202 

 

Figure 5.12 A549 cellular morphology on CYTOOchipTM Starter A micropattern chip 

A549 cells were seeded onto Starter A micropattern chips which had been pre-coated with fibronectin and allowed to 
adhere and spread over patterns for 5 hours. Cells were fixed, permeabilized and stained for F-actin (red) and ⍺-tubulin 
(green), counterstained with Hoechst 33342 (blue). Shown representative immunofluorescent images of cells on disk, 
crossbow, H and Y patterns taken at x100 magnification. Cell profiler was used for the measurement of cell features. 
Scale bar: 20µm.  
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Next, THP-1 cells, differentiated (with PMA) then rested as previously described (without 

cytokine skewing), were collected and seeded onto the chips. In a preliminary experiment 

allowing 5 hours spreading, cells failed to adopt any recognisable shape and complete spreading 

of singlet cells is required for reproducible analysis (data not shown). For proliferating cells, it is 

vital to fix cells as quickly as possible to avoid singlet-adhered cells dividing on the pattern. 

However, PMA induces growth arrest and differentiated THP-1 cells were incubated for 5 and 

24 hrs to determine whether a longer incubation permitted cells adopting the designated shape. 

Figure 5.13 shows the best examples of cells resembling the pattern shape and demonstrates 

heterogeneity in conditions designed to force the cells to assume uniformity. The cells shown 

are on the pattern with the smallest surface area (700µm2) which is further limited by patterns 

with doublet cells. This shows that neither micropattern shape – independent of adhesive 

surface area, or the length of time post plating, influenced the efficiency of cell spreading across 

the adhesive area. From the data shown, the most apparent determinant of THP-1 cell adopting 

the appropriate shape was the size of the pattern which are deemed too large to achieve full 

spreading. Subsequent experiments sought to increase the efficiency of cell plating by utilising 

smaller patterns, to permit the more reproducible analysis of greater cell numbers. However, 

following further attempts to increase efficiency, the THP-1 cells were deemed unsuitable for 

further experiments.  

 

Figure 5.13 CYTOOchip manipulation of THP-1 cell geometry 

THP-1 cells differentiated with 25ng/ml PMA for 48 hours and rested for 72 hours, were plated onto CYTOOchip starter 
A layout and allowed to adhere and spread over patterns for 5 and 24 hours. Cells were fixed, permeabilized and stained 
for F-actin (red) and ⍺-tubulin (green), counterstained with Hoechst 33342 (blue). Shown are the best representative 
immunofluorescent images of cells on disk, crossbow, Y and H patterns from one experiment. Scale bar: 20µm 
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5.2.4.4 Crossbow geometry increases Dex-responsive GR nuclear occupancy 

The principal aim of this work was to investigate whether transcription factor dynamics are 

altered by cell geometry, ideally in a macrophage-like cell (THP-1) thereby modelling an 

inflammatory reaction. However, as described above, THP-1 cells did not adhere well to the 

plates and adoption of the desired conformations was inefficient. For this reason, THP-1 cells 

were replaced with A549 cells; Gc responses in A549 cells with forced geometry were assessed 

following TNF-α pre-treatment and 100nM Dex as previously described (Figure 5.14).  

Comparing the N:C ratio in unpatterned cells demonstrates a measurable increase in the GR N:C 

ratio between conditions treated with Dex and vehicle (Figure 5.14B and see Figure A.3 in the 

Appendix), consistent with previous measurements.  For cells with an altered geometry, plated 

on the small and medium size crossbow pattern, GR is not fully excluded from the nucleus in the 

vehicle condition and is diffusely located throughout the whole cell. This is reflected by the slight 

increase in the GR N:C ratio between unpatterned and cells cultured on micropatterns for 

vehicle conditions. Nevertheless, Dex significantly increases the GR nuclear occupancy, evident 

by staining predominantly co-localised in the nucleus.  Similarly, there is an increase in GR N:C 

ratio in response to Dex for cells pre-treated with TNF-α in comparison to TNF-α alone. This was 

shown for cells seeded onto the crossbow pattern and unpatterned surface (Figure A.3A,C,E). 

The p65 N:C ratio was increased in response to TNF-α irrespective of Dex treatment (Figure 

5.14C and Figure A.3B,D,F). This reflects what was previously measured for A549 cells although, 

no significant difference between the Dex translocation with inflammatory pre-treatment was 

quantified of GR.   

The effect of cell morphology upon transcription factor shuttling were compared across 

treatment groups. Compared to unpatterned cells, there is further increase in nuclear occupancy 

of GR in Dex-treated cells plated on small micropatterns, which is even greater for medium 

micropatterns (Figure 5.14B). This increase in GR N:C ratio is reflected by cells pre-treated with 

TNF-α followed by Dex although, there is no significant difference between the cells on small 

and medium sized patterns. Cells spread onto small crossbow micropatterns also showed an 

increase in GR N:C ratio in response Dex treatment, both in presence and absence of TNF-α. 

While the p65 N:C ratio was increased in response to TNF-α, the level of translocation was 

greater for cells treated with TNF-α and Dex (FigureA.3D). This effect was not seen for cells upon 

the medium pattern and demonstrated similar trends in translocation dynamics to that seen 

with unpatterned cells (Figure A.3B and F).  

The translocation of p65 also demonstrates shape-induced differences between treatment 

conditions (Figure 5.14C). A greater N:C ratio for vehicle treated cells was measured between 
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the unpatterned and small cross-bow condition yet, was not increased for medium patterns - 

this was also the case for cells treated with Dex. Whereas, for cells treated with TNF-α only, the 

level of translocation was only significantly increased between unpatterned and cells spread on 

medium crossbow patterns. The N:C ratio was significantly higher in both the small and medium 

crossbow pattern cells when compared to unconstrained cells, in the presence of TNF-α and 

Dex. Overall this suggests plating cells on cross-bow micropatterns can affect the extent of 

transcription factor nuclear translocation in response to stimuli. 
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Figure 5.14 Comparison of nucelar:cytoplasmic ratio and micropattern size 

A549 cells plated onto unpatterned substrate, small or medium crossbow micropatterned surface and treated with 
vehicle, 10ng/ml TNF-⍺ for 3 hours and 100nM Dex for 1 hour. Cells were fixed permeabilised and stained for GR (red) 
and p65 (green), counterstained with Hoechst 33342 (blue) (A). Quantification of GR and p65 localisation was performed 
using Cell Profiler software, presented as the nuclear: cytoplasmic ratio of measured pixel intensity. Box plots shows 
minimum to maximum measurements per condition for GR (B) and p65 (C). A549 cells plated on unpatterned substrate, 
small or medium crossbow micropatterned surface.  
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5.2.5 Custom patterns vary cell aspect ratio 

Custom micropatterns were used to compare the effect of aspect ratio for the same cellular 

spreading area. Figure 5.15A describes the pattern size and aspect ratio included on the 

micropattern chip. The spreading time was again observed for A549 cells, which were fixed 5 

hours post-plating. To evaluate effect of aspect ratio on ligand-induced GR translocation, cells 

were treated with 100nM Dex for 1 hour prior to fixing the cells. The N:C ratio of GR and p65 

was captured by immunofluorescent staining for small and medium size patterns across all 

aspect ratios (Figure 5.15B).  

A Dex-induced increase in GR translocation was quantified for all conditions irrespective of 

pattern spreading size or aspect ratio (Figure 5.16A&B). In contrast to previous observations on 

the cross-bow patterns, the N:C ratio of Dex-treated cells was significantly greater on the 

unpatterned substrate in comparison to all cells with confined geometry. Despite the lack of 

inflammatory stimulus, there were some significant changes in the localisation of p65 with 

varied aspect ratio (Figure 5.16C&D).  For the small size pattern, the 1:1 and 1:3 aspect ratios, 

displayed reduced nuclear localisation of p65 by Dex, in comparison to the vehicle. This effect 

was significantly lower than the N:C ratio in unpatterned cells. Although, this was not reflected 

by the cells plated on medium patterns, whereby the only significant differences were a lower 

level of translocation between vehicle treated cells spread on 1:1 pattern compared to 

unpatterned.     

When comparing the effect of pattern size and aspect ratio for the same treatment group, there 

were no observed differences in GR translocation between vehicle-treated cells on unpatterned 

regions and those confined to micropatterns (Figure 5.17A&B). The N:C ratio was >1 in all cases 

suggesting high resting levels nuclear GR. Upon Dex-addition, no size-dependent differences 

were observed for the same aspect ratio. Rather in comparison to unpatterned cells, the N:C 

ratio was significantly reduced. This was most evident for aspect ratios inducing the greatest 

level of stretch, 1:6 and 1:10.  regardless by the level of cell stretch induced by different aspect 

ratios. This suggests that for stretched cells the Dex-induced nuclear translocation of GR is 

reduced.        

No measurable differences in translocation were shown for p65, between cells on patterned or 

unpatterned regions treated with vehicle (Figure 5.17C&D). However, in the presence of Dex a 

number of significant differences were observed. Namely, the small 1:1 and 1:3 aspect ratio had 

significantly lower nuclear p65 compared to unpatterned. For 1:1 difference was seen between 

small and medium sizes. A significantly lower level of translocation cells on small 1:3 patterns in 

comparison to 1:6 and 1:8. These findings suggest that cell geometry in the context of GR-

activation can alter the nuclear localisation of p65.  
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Figure 5.15 Transcription factor localisation in A549 cells with differing aspect ratios 

A) Schematic of the “HUMEN’ chip layout taken from CYTOOchip product sheet. B) A549 cells plated onto custom 
HUMEN micropatterns, cells were allowed to spread for 5 hours and were treated with vehicle or 100nM Dex for 1 hour. 
Cells were fixed permeabilised and stained for GR (red) and p65 (green), counterstained with Hoechst 33342 (blue). 
Representative images shown for cells on each size and aspect ratio as indicated. Images taken on widefield microscope 
at X100 magnification. Scale bar represents 20µm.  
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Figure 5.16 The effect of micropattern aspect ratio upon Dexamethasone responsiveness in A549 cells 

A549 cells plated onto custom HUMEN micropatterns allowed to spread for 5 hours and were treated with vehicle, or 
100nM Dex for 1 hour. The nuclear:cytoplasmic ratio pixel intensity per cell of GR (A&B) and p65 (C&D) on small and 
medium size patterns, were quantified using cell profiler software using the peri-nuclear measurements pipeline. Each 
point represents a measurement from a single cell with mean value and standard deviation shown. 
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Figure 5.17  The effect of micropattern aspect ratio and size upon Dexamethasone responsiveness in A549 cells 

A549 cells plated onto custom HUMEN micropatterns allowed to spread for 5 hours and were treated with vehicle, or 
100nM Dex for 1 hour. The nuclear:cytoplasmic ratio pixel intensity per cell of GR (A&B) and p65 (C&D) treated with 
vehicle or 100nM Dex, were quantified using cell profiler software using the peri-nuclear measurements pipeline. Each 
point represents a measurement from a single cell with mean value and standard deviation shown. Box plots shows 
minimum to maximum measurements per condition. 
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5.2.5.1 Stretched cells have higher nuclear GR 

The custom patterns were then used with the mouse macrophage cell lines, since THP-1 cells 

had failed to reproducibly adhere and spread upon the micropatterns. The spreading efficiency 

of RAW264.7 and J774 cells was first compared. It was found that the RAW264.7 cells often 

clumped on the adhesive area as multiple cells and did not sufficiently spread to fill the area, 

resulting in irregular shaped cells (Figure 5.18A). The spreading of J774’s was much more 

complete and uniform across different sizes and aspect ratio, by comparison to RAW264 cells; 

(as shown in Figure 5.18B), and were used for subsequent experiments.  

Quantification of the cell area confirms an increase between small and medium patterns (Figure 

5.18C) Due to the large area range observed for unpatterned cells, there were no measurable 

differences to those plated on the patterns. Yet across both small and medium sizes the cell area 

appears to increase slightly with aspect ratio – despite the spreading area being equal. However, 

there is no change in the nuclear area across aspect ratio and pattern size (Figure 5.18D). F-actin 

staining was high intensity around cell edges. For cells on a 1:1 aspect ratio (square patterns), 

actin is evenly distributed around the cell perimeter and as the aspect ratio increases, cells show 

regions of higher intensity at each end of the cell. In line with this, the nucleus becomes more 

oblong along the plane of stretch. Demonstrating that the geometry of the cell can influence the 

underlying nuclear morphology.  
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Figure 5.18 Comparison of RAW264.7 and J774 cell morphology on custom micropatterns 

Murine macrophage cells were plated onto ‘HUMEN’ custom micropatterns coated with fibronectin. RAW264.7 (A) and 
J774(B) cells were allowed to spread for 5 hours and were then fixed and permeablilised and stained for F-actin (red) 
and ⍺-tubulin (green), counterstained with Hoechst 33342 (blue). Shown are the best representative immunofluorescent 
images of cells across all aspect ratios and sizes. Images captured on widefield microscope x100 objective. Scale bar = 
20µm. Measurements of J774 cell (C) and nucleus (D) pixel area quantified using cell profiler. Each point represents a 
single cell. Line and bars represent mean +95% CI 
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The localisation of GR and p65 was assessed in J774 cells following 100nM Dex treatment for 1 

hour (Figure 5.19). Again, the treatment and geometry effect were quantified. The localisation 

of GR on small patterns, revealed a significant increase in N:C ratio only between vehicle and 

Dex treated cells plated on unpatterned GR substrate and the most stretched morphology- 1:10 

aspect ratio (Figure 5.19B). However, Dex-dependent increase in GR translocation was 

measurable for cells upon all aspect ratios for medium patterns (Figure 5.19C). Again, the cells 

with the 1:10 aspect ratio displayed a significant increase of N:C ratio compared to unpatterned 

cells. Which also may support a possible trend towards increase in GR nuclear localisation with 

increased aspect ratio.  

No significant changes in the N:C ratio of p65 were measured for cells on both small and medium 

patterns, neither between Dex treatment or aspect ratio (Figure 5.19D&E). Although, a potential 

trend towards decreased levels of nuclear p65 were observed with Dex treatment, for 

unpatterned cells and with increasing aspect ratio.  

In absence of Dex, the levels of nuclear GR are increased with increasing aspect ratio for both 

small and medium patterns. However, with the addition of Dex only cells with the most 

stretched morphology show a significant increase in the extent of translocation in comparison 

to unpatterned cells.  In the case of p65, no significant changes of cellular distribution were 

measured for either treatment condition. Despite what was seen with A549 cells, the 

localisation of p65 in macrophages is not affected by geometry in the absence of activating 

stimuli.  Further investigation would need to establish what the effect of TNF-α or LPS would 

have in the context cell geometry and altered aspect ratio.  

In summary, the use of micropatterns which influence cell morphology demonstrates that the 

nuclear localisation of GR and p65 is indeed influenced by morphology and the underlying 

cytoskeleton. However, this technique is currently limited by the inefficiency of the plating 

process as described above and current results are preliminary and descriptive. Despite this, 

these results do show that the responses of cells to inflammatory (TNF) and anti-inflammatory 

stimuli (Dex) in a densely packed tissue are likely to be influenced by cell morphology. 
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Figure 5.19 The effect of micropattern aspect ratio upon Dex responsiveness in J774 cells  

J774 cells plated onto custom HUMEN micropatterns, cells were allowed to spread for 5 hours and were treated with 
vehicle or 100nM Dex for 1 hour. Cells were fixed permeabilised and stained using GR (red) and p65 (green)- specific 
antibodies, counterstained with Hoechst 33342 (blue). Representative images shown for cells on each size and aspect 
ratio as indicated (A). Images taken on widefield microscope at X100 magnification. Scale bar represents 20µm. The 
nuclear:cytoplasmic ratio of GR (B&C) and p65 (D&E) on small and medium size patterns, were quantified using cell 
profiler software using the peri-nuclear measurements pipeline. 
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5.3 Discussion 

It is now emerging that Gc signalling can be modified by the microenvironment, and the 

integration of external signals can fine-tune Gc effects (5, 46). Cell geometry is proposed to 

regulate transcription factor shuttling, chromatin architecture and transcriptional outcomes 

(134, 144, 150). However, to date no studies have investigated the role of cell geometry in 

regulating Gc action. I assessed the effect of cell morphology upon Gc-responsive cell types, the 

lung epithelium and macrophages which are both relevant targets of therapeutic 

glucocorticoids. Understanding if and how cell geometry affects GR function will better inform 

how Gc act in vivo and help to understand how this may be perturbed in disease states. 

5.3.1 Gc Sensitivity 

Macrophages are major Gc targets in inflammatory disease, and for this reason they were 

chosen as the initial model. Three commonly used cell lines - HL-60, U-937 and THP-1 can be 

differentiated into macrophage-like cells (161, 163, 315). As the primary measure for this project 

is Gc sensitivity, the responsiveness of the cell lines was evaluated. Overall, THP-1 cells showed 

high levels of GR expression, induction of Ser211 phosphorylation, translocation and 

transcriptional responses and were therefore the most suitable model to study Gc sensitivity. 

The GR-ligand responsiveness of THP-1 cells was also evaluated post-differentiation, to ensure 

that GR activity is maintained. Levels of phosphorylated GR at position pSer211 was increased 

following Dex exposure for each condition. GR expression was maintained although varied levels 

of protein were observed despite no major differences in β-actin levels.  However, given the 

major morphological changes (including a dramatic increase in cell size), levels of cytoskeleton 

protein β-actin could potentially be altered and would not serve as the most appropriate loading 

control. Although, one study determined the genes ACTB (encoding β-actin) and RPL37A 

(encoding ribosomal protein L37a) are the most stable reference genes for qPCR normalisation 

during THP1 differentiation (316). For further confirmation, expression should be assessed in 

parallel by another housekeeping protein less likely to be affected by major changes in 

cytoskeleton composition or metabolic activity such as HDAC1 or TATA-binding protein. Had the 

model been utilised further in the study, gene expression profiles of key GR target genes should 

also be assessed to ensure GR-ligand responses are maintained. 

5.3.2 Macrophage differentiation 

Macrophages are subject to dynamic cytoskeleton rearrangements in comparison to epithelial 

cells in vivo, as they undergo cytoskeleton remodelling and nuclear distortion as they migrate 

and infiltrate tissues. (317, 318). The mRNA expression and secretory profile of macrophages 

has been previously shown to be altered by plating on polymer-coated substrates with varied 
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morphologies (319), which made them an attractive target cell for investigation. I aimed to 

develop a physiologically relevant model using differentiated macrophages. It is difficult to truly 

replicate an in vivo setting using cell lines, but have advantages over using PMBCs due to their 

faster doubling time providing abundant yield, in addition to a homogenous genetic background 

and are therefore not confounded by inter-donor variability (162). The process of differentiation 

permits comparison of macrophages skewed towards different phenotypes, and also had the 

added advantage that cells adhere and spread which was required for imaging endpoints.  

The myeloblast HL-60 cell line is the least mature and has multipotency towards either 

neutrophilic or monocytic lineages depending on the stimulating agent (161) which have been 

used to model proliferation and differentiation of myeloid cells (308). THP-1 cells have been 

used previously to study nuclear receptors and U-937 to study the effects of Gc (315). U-937 

cells have tissue origins and were derived from a patient with histiocytic lymphoma therefore, 

are more mature than THP-1 cells, which were derived from the blood of a patient with acute 

monocytic leukaemia (162).  

Studies comparing THP-1 monocytes to those isolated from human PBMCs show PMA-

differentiated THP-1 cells are more functionally similar to primary monocyte-derived 

macrophages compared to U-937s (306, 320). These findings are consistent with other studies 

which preferentially use THP-1 cells as a macrophage model (162, 307).  

Numerous publications describe different methodologies for the differentiation to macrophage 

like cells each differing in stimuli (1⍺,25(OH)2D3 or PMA) concentration (5-100ng/ml), culture 

period (24-96 hours), inclusion of a rest period (48-72 hours) and whether cytokine cocktails are 

used to polarise to M1 or M2-like phenotypes. 1⍺,25(OH)2D3 is widely used as a differentiating 

agent however, as it reportedly drives a less mature macrophage phenotype compared to PMA, 

it was not tested in this study (321). The average period of exposure to PMA is 48 hours and was 

replicated for this study – comparing multiple doses of PMA (5-100ng/ml). Introducing a rest 

period in PMA-free media is reported to result in cells which resemble the primary monocyte-

derived monocyte phenotype to a greater extent, but including this rest period means that 

higher doses of PMA are required for the initial treatment. (306). For example, Chanput et.al 

(162) show that a minimum of 100ng/ml PMA is required with 48 hours with rest, for THP-1 

differentiation. Conversely Park et.al (163) concluded 5 ng/ml was sufficient to increase 

adherence and increased CD14 expression but did not include a rest period prior to experimental 

treatment. The study by Park et.al does raise the important consideration that high stimulating 

conditions induce notable induction of pro-inflammatory genes and can reduce responses to 

subsequent experimental stimuli – including cytokine cocktails that drive an M2 like phenotype. 

I also measured a similar effect as levels of secreted TNF-α were the greatest prior to the rest 

period. By using an intermediate concentration of PMA for the initial treatment and a rest in 
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PMA free media activation of pro-inflammatory signalling pathways such as NF-κB will be 

minimised (304, 322). 

Recently, more extensive protocols have been developed to include polarising cytokines to 

better mimic the spectrum of macrophage phenotypes encountered in vivo. Similar to protocols 

used for differentiation of primary human and mouse monocytes, M(IFN-γ & LPS) are polarised 

to emulate ‘classical’ pro-inflammatory M1 macrophages and M(IL-4) alternatively activated 

anti-inflammatory M2 macrophages. This procedure has already been well characterised in THP-

1 cells and is reported to induce characteristic cytokine and surface marker expression (307, 

323). Subsequent characterisation is required to fully evaluate the model however, due to 

parallel complications in using the micropatterns the developed model was not characterised 

any further.  

5.3.2.1 Murine Macrophages 

Following technical difficulties in differentiated THP-1 cell detachment and spreading on 

micropatterns, murine macrophage cell lines were instead included in the model. The steroid 

responsiveness of these cells was again confirmed by increased detection of phosphorylated 

Ser211 GR in response to Dex treatment. Immunofluorescent imaging of the J774 and RAW264.7 

cells reveals the larger spreading size of J774 cells in comparison to RAW264.7 cells, which may 

account for the superior capacity of J774 cells to spread on the micropatterns.  

5.3.3 Cell Geometry   

5.3.3.1 Technical challenges 

Initial attempts to model cell geometry in THP-1 cells resulted in variable morphology and 

insufficient spreading, potentially due to either technical issues in detachment and plating, or 

because the patterns were too large for the cells. Despite attempts using custom patterns with 

a smaller surface area, differentiated THP-1 cells were too variable to reliably obtain sufficient 

data and were not used further during the study. Exploration into the expression of surface 

adhesion molecules may also provide answers to the defects of using the cells in the model.  

Similarly, RAW264 cells plated on the patterns clumped together in a similar morphology to that 

observed under routine culture and were not chosen for further evaluation. Using A549 lung 

epithelial cells I validated the principle of the method and were able to optimise the procedure.   

5.3.3.2 Cell features 

Adhesive fibronectin regions of the micropatterns induce internal re-organisation of the 

cytoskeleton (314). The off-centre nucleus signifying micropattern-induced cell polarity was 
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particularly evident in A549, but less so for J774 cells plated on crossbow patterns. Differences 

in the organisation of actin structures were observable between the two cell types with A549s 

best displaying high intensity regions of F-actin staining at non-adhesive edges in contrast to 

central regions of disordered actin structures in J774 cells. These observations suggest re-

arrangement of actin structures forced by geometry directed the orientation of the nucleus in 

A549s.  Macrophages plated on micropatterns have been shown to have altered organisation of 

F-actin structures in comparison to adhesive cells (324).  Changes in actin-cytoskeleton dynamics 

can modulate nuclear morphology through direct physical connections to the nuclear matrix 

(136, 137). I found that the nuclear area for both cell types appears to be affected more by cell 

shape rather than pattern size, which was larger in comparison to unpatterned cells plated on 

fibronectin. However, no differences in the nuclear area were measured using the patterns 

which varied the aspect ratio.  

The patterns with varied aspect ratios display regions of greater F-actin staining at cell 

extremities, and resulted in oblong nuclear morphology orientated along the long axis of the 

cell. This reflects what has been shown for endothelial cells, whereby increased stretch increases 

the frequency and distribution of mature focal adhesions at the edge of the cell. In turn, the 

lateral compressive force of F-actin has been shown to elongate nuclear morphology. (139).  The 

published study also reported a corresponding reduction in nuclear volume and increased 

chromatin compaction. The disparity may be due to increased plating time of cells as they were 

allowed to adhere for 24 hours rather than the 5 hours used in this study. Alternatively, the 

compared pattern sizes were much larger and not equally matched 1:1 500µm vs 1:5 1800µm; 

which is larger than small and medium custom patterns (300 µm and 600 µm) as evaluated 

during this study.   

5.3.3.3 Transcription factor translocation  

The nuclear occupancy of transcription factors is often used as a measure of pathway activation 

and cell morphology may account for heterogeneous responses observed between cells (134, 

304, 325). Steady-state variability in both the intensity and duration of NF-κB nuclear occupancy 

have been observed in breast epithelial and tumour cells (150).  Moreover, numerous mechano-

sensitive and cytoskeleton-associated mechanisms have been reported to affect p65 nuclear 

translocation (142, 144, 150, 151). Subsequent differential p65 activation and resultant gene 

expression profiles have been reported in stretched compared to spherical cells following 

treatment with TNF-⍺ (134, 153). Transcription factor localisation alone cannot predict 

functional outcomes such as transcriptional output, which depends on affinity for DNA, 

chromatin architecture (and accessibility of the target gene/regulatory region) and activity of 

co-modulators. However, a shift in compartmentalisation of any transcription factor increases 

the probability of transcriptional changes and was used as a preliminary measure of activity.  
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The GR and p65 localisation were successfully quantified by the N:C ratio and demonstrated the 

typical change from predominantly cytoplasmic to nuclear in response to activating stimuli. I 

compared both the effect of altered cell-geometry and the Dex-treatment and discovered 

differing transcription factor localisation between cell type, micropattern shape, aspect ratio 

and size.  

Plating A549 cells on crossbow patterns increased the extent of the nuclear localisation of both 

GR and p65 in response to stimuli. This effect upon GR shuttling was significantly greater for 

cells plated on micropatterns in a size-dependent manner. This suggests cell morphology is 

positively affecting the rate of ligand-activated translocation dynamics in this particular 

geometric state. GR has been shown to regulate the expression of actin genes, the finding of 

greater GR nuclear occupancy in larger cells could be a mechanosensitive mechanism to fulfil 

the requirement to produce more actin protein (327). In contrast, Dex-induced GR translocation 

is reduced in cells with varied aspect ratios in comparison to unpatterned cells. The extent of 

Dex-induced GR translocation was reduced in comparison to the unpatterned substrate, across 

all levels of stretch for both small and medium size micropatterns.  

J774 cells adopting the greatest levels of substrate-induced stretch were also found to display 

higher levels of GR nuclear occupancy. This effect was evident in vehicle and Dex treated cells 

for both pattern sizes. As vehicle-treated stretched cells display higher resting GR N:C ratios, in 

comparison to unpatterned cells, this may explain the lack of Dex-stimulated differences on 

small patterns. If cells with increasing aspect ratios have increased nuclear GR prior to Dex 

stimulation ligand induced changes will be less prominent.   

In absence of activating inflammatory stimuli, p65 remained predominately cytoplasmic for all 

conditions. The resting p65 nuclear occupancy was somewhat increased between unpatterned 

and small crossbow patterned cells although, not to as great an extent of cells treated with TNF-

α. Therefore, activating-stimuli remains the primary determinant of transcription factor 

localisation but geometry may however induce a degree of heterogenicity in cellular 

responsiveness.   

Nuclear occupancy of p65 is highly indicative of transcriptional activation (126, 326). The 

p65:p50 complex is capable of binding DNA once released following the degradation of 

inhibitory protein IκBα. Therefore, increased p65 nuclear localisation would be expected to 

reflect positive regaultion of target genes thus a more pro-inflammatory phenotype. In the cases 

whereby GR nuclear entry is hindered by geometry, cells would be less able to elicit 

transcriptional effects to act against pro-inflammatory signals. The result would be more 

resistant cells which, in cases of un-resolving inflammation could underlie disease development. 
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Further investigation would be required to determine the functional state of GR whilst in the 

nucleus - whether nuclear GR remains in complex with chaperone proteins or is capable of 

eliciting transcriptional outcomes. Given current understanding of GR-biology it is unlikely that 

cell geometry would be sufficient to permit GR-transcriptional activity in absence of ligand. ChIP 

sequencing has shown that basal binding of GR to chromatin, in absence of activating ligand, 

occurs but is minimal (76) . Nevertheless, greater levels of liganded-GR protein in the nucleus 

may increase the responsiveness to ligands when present.   

The effect of micropattern size was less evident for the TNFα-mediated increase in the p65 N:C 

ratio on crossbow patterns, in comparison to that seen for GR. However, stimulus-dependent 

translocation was greater in comparison to unpatterned cells and it appeared that Dex-

treatment in the presence of TNF-α further increased the extent of p65 translocation. I also 

found that for cells with varied aspect ratios, Dex reduced the degree of nuclear p65 particularly 

on small patterns with less stretched morphology. These findings indicate potential geometry-

dependent changes on p65 shuttling which may be affected by Dex. Whereas, in the case of 

macrophages, no geometry-induced changes upon p65 translocation dynamics were observed 

although this was only tested in absence of stimuli. In physiological contexts this potential cell-

type specificity may be relevant. As epithelial cells are less likely to be subject to morphological 

changes under homeostatic conditions, they need to be responsive to pathologic changes. This 

is in contrast to macrophages, which require sensitive perception of microenvironment and any 

overactivation in response to minor cues could be detrimental and potentially lead to pathologic 

inflammation. Likewise, the implications of Dex-effect upon p65 translocation requires further 

investigation to understand the impact of geometry upon their interaction and functional 

outcome. The overall biological impact of cell geometry would be modulation of the 

responsiveness to activating ligands.  

The nuclear translocation of the NF-κB (p50:p65) complex can occur by two distinct mechanisms. 

Firstly, nuclear translocation follows the stimulus-initiated degradation of the inhibitory 

molecule IκB. This reveals the NLS of NF-κB and enables p65 to bind to importins for active 

transport to the nucleus along microtubules, via dynein molecular motors. The second diffusion-

mediated mechanism occurs independent of stimulus and is potentiated by dynactin disruption. 

Active transport to the nucleus and subsequent NFκB-dependent gene expression is sensitive to 

dynein inhibition whereas, passive shuttling is not affected and occurs whilst bound to IκB (326). 

Comparable to p65, the GR-ligand complex relies on the microtubule-cytoskeleton for transport 

into the nucleus and transition across the nuclear envelope by importins (33). Alternatively, GR 

can also enter by a diffusion-based mechanism when the cytoskeleton is disrupted (328). The 

overall cellular localisation of GR depends on the balance between the rates of nuclear import 
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and export signals. Ligand-induced activation, conformational change and NLS exposure is the 

predominant factor to skew GR towards nuclear localisation, however ligand-independent 

translocation has been reported in response to physiological conditions, albeit at slower rates.  

(31).     

p65 is closely associated with the actin-cytoskeleton and can co-localise with actin filaments on 

stress fibres in membrane ruffles in cells adhered to fibronectin (329). A number of mechanisms 

have been proposed to underlie morphology-responsive changes in p65 nuclear shuttling. 

Namely those involving alternate modulators which lead to the degradation of IκB, allowing p65 

to be actively transported into the nucleus. TNF-α can induce actin depolymerisation which 

degrades IκB. Chemical inhibition of actin polymerisation enhances the expression of the NF-κB 

target gene IL8 in response to inflammatory stimuli in HL-60 cells. Chemical cytoskeletal 

disruption increases p65 nuclear translocation, subsequent recruitment of RNA pol II to NF-κB 

promoters and stabilisation of IL8 mRNA post-transcription (152).   

In contrast, GR activation and translocation is regulated by different mechanism requiring direct 

binding of ligand to the receptor rather than convergence of downstream phosphorylation 

signals. The principle chaperone molecule Hsp-90 interacts with many other proteins and 

shuttles with GR into the nucleus (29, 30, 32, 328). Therefore, GR may not be subject to the same 

geometry-regulated process as p65. 

To date, no studies have investigated the effect of cellular geometry in controlling 

transcriptional Gc responses, including GR crosstalk with other transcription factors. To further 

expand on these observations, future work first needs to establish whether geometry-induced 

changes manifest as functional changes in cell behaviour and transcriptional output, as 

previously described for other studies. Subsequently, whether the greater occupancy of GR in 

the nucleus would effectively modulate p65 function, remains to be determined. 

In order to fully understand the differing mechanisms behind the observed differences, the 

characterisation of other features need to be analysed such as the number and distribution of 

focal adhesions, quantification of stress fibre formation, markers of chromatin compaction and 

the localisation of other mechano-sensitive factors. Further investigation of transcription factor 

translocation dynamics in the presence of chemical cytoskeletal disruptors would also shed light 

upon Gc activity and understand GR’s association with the cytoskeleton. 

Further analysis should aim to understand what cellular factors may be responsible for 

geometry-responsive phenotypes including mechanosensitive transcription factors YAP and TAZ 

which respond to substrate stiffness and have higher nuclear occupancy in cells with anisotropic 

geometry, actin stress fibres and high nuclear tension (138). Dex treatment of trabecular 
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meshwork cells, increases YAP and TAZ expression which subsequently mediate Dex-associated 

cytoskeletal reorganisation and altered expression of ECM components, during glaucoma 

progression (330).  The transcription factor MRTF-A is responsive to cytoplasmic ratios of F/G-

actin corresponding to the extent of actin-polymerisation and localises to the nucleus in 

response to cell stretching and mechanicals stress. MRTF-A then couples with SRF to regulate 

expression of cytoskeletal components and immediate early genes (134). Recent evidence 

demonstrates that LPS induces MRTF-A nuclear accumulation to potentiate iNOS induction (331) 

and expression of pro-inflammatory cytokines, which is hindered by confined geometry to 

reduce the inflammatory responsiveness of macrophages (142). This implicates MRTF-A as 

another candidate worthy of investigation to aid the understanding of these results.  

Overall, questions remain regarding whether cell geometry affects GR transcriptional cross-talk 

with these other mechanosensitive transcription factors or simply that the changes in 

cytoskeletal architecture affects the capacity of GR to translocate into the nucleus; this remains 

to be determined. Furthermore, given the rapid non-genomic effects of Gc upon a number of 

cytoskeletal components (as described in Chapter 3), defining what this effect is and how this 

may affect cell processes such as cell migration shall also shed light on GR functional activity.    

5.3.4 Physiological relevance of Cell geometry  

Within the same microenvironment, heterogeneity can exist between the same cells responding 

to the same chemical signals (134, 153, 332) and geometric differences in cell features may 

account for this disparity. Understanding this occurrence in normal physiology and how 

geometry is involved in the maintenance of cellular homeostasis and response to biochemical 

signals is an important consideration for further research.  

This understanding can also be applied to how disease states may perturb cell geometry. For 

example, in contexts such as fibrosis and solid tumours, whereby the ECM composition is altered 

and tissue architecture is restructured. Investigation into how cells subsequently respond to the 

change in microenvironment and whether this transpires to alteration in tissue-level 

responsiveness to biochemical signals. Under normal physiological contexts, the modulation of 

GR and p65 transcription factor activity by geometry may provide a mechanism to fine-tune 

cellular sensitivity to Gc and inflammatory stimuli. This would have implications for the 

activation and phenotype of responsive cell types. 

Normal epithelial architecture requires cell attachment to basement membrane and the 

establishment and maintenance of correct cell polarity. The lung epithelium displays apical-

basolateral polarity which maintains the spatial organisation of cellular components and 

signalling pathways which is required for correct functioning and development (333). Under 
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normal conditions cells maintain geometry and mechanical homeostasis, as epithelial cell 

turnover is limited, the role of cellular geometry would be restricted in this context. Airway 

remodelling is a characteristic feature of airway diseases such as asthma and COPD which are 

both treated with Gc. Chronic inflammation combined with aberrant repair can lead to tissue 

remodelling and fibrosis. EMT occurs when a polarised epithelium differentiates into fibroblast 

type mesenchymal cells and requires disassembly of cell contacts and cells can acquire migratory 

activity (334). These processes result in major changes to cell phenotype, in addition aberrant 

ECM deposition which affects the spatial orientation of neighbouring cells. The effect of reduced 

GR nuclear translocation may reduce transcriptional programmes required for the therapeutic 

efficacy and could instil a resistant phenotype.   

Loss of apical-basal polarity is a feature of epithelial cancers and can occur as an early event. 

Misorientation of the mitotic spindle results in symmetric and disorientated cell division leading 

to tissue disorganisation and overgrowth (335).  GR has a crucial role in mitotic progression and 

localises to the mitotic spindle. Spindle defects occur with loss of GR resulting in chromosome 

misalignment (231) therefore, if GR nuclear translocation is compromised by geometry, this may 

result in further genomic instability.  

Spatial heterogeneity is a common feature of solid tumours due to the modified internal 

environment which generates selective pressures upon cell survival. EMT is associated with 

metastatic progression, as cells acquire a migratory phenotype and invade surrounding 

tissue(334). In absence of TNF-α, breast cancer cells with a mesenchymal-like morphology have 

been shown to have higher nuclear NF-κB compared to cells with epithelial-like morphology. 

Suggesting the geometrical state can reinforce the induction of the EMT phenotype (150). Breast 

cancer responsiveness to Gc is highly variable between single cells resulting in variable genomic 

responses. Using scRNAseq, it was established that chromatin landscapes are heterogeneous 

across cell populations.(332)  However, the tumour was dissociated prior to sequencing so 

spatial and geometric features are lost. Spatial transcriptomics and IHC approach would be one 

method of investigating this effect to determine whether the heterogeneity in chromatin 

architecture is affected by the spatial context of the tumour and is responsible for variability in 

Gc responsiveness.  

Similarly, stromal fibroblasts become activated in response to TGF-β secreted from neighbouring 

cancer cells. Subpopulations of cells which are more responsive to TGF-β in a cancer spheroid 

co-culture system have been defined. These so-called “primed” cells differed based on their 

geometric features (140) which again demonstrates a role for cellular geometry for affecting 

how cells perceive and respond to microenvironmental signals.   
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Immune cells migrate as a result of forces generated by the re-organisation and cross talk 

between the actin and microtubule networks. Propulsive force from the actin cytoskeleton and 

generation of focal adhesions enables directional movement. Gc can inhibit cell motility and 

migration (186, 327) which is thought to underlie negative effects of Gc upon wound healing 

and immune cell recruitment.  Leukocytes have low expression of lamin A/C (154, 336) which 

consequently makes their nucleus highly deformable to facilitate their passage into the tissues. 

The distortion of nuclear architecture occurs by differing mechanisms between immune cell 

types (154) (337). Although, the transient deformation of the nucleus during trans-epithelial 

migration is perhaps less-relevant for geometry-dependent modulation of macrophage 

phenotypes as the process is short lived. Nevertheless, altered geometry can downregulate 

lamin expression with effects upon epigenetic status and genome integrity (136).  Natural 

deformability of the nucleus of immune cells making them more susceptible to this modulation 

in pathological contexts of un-resolving, chronic inflammation characterised by high cellular 

infiltrates. Likewise, pathological overexpression of Lamin A/C in macrophages is associated with 

pro-inflammatory behaviour (151) and further promotion of the transcription of pro-

inflammatory factors would be detrimental.  

This study has primarily focussed on single cell responses during initial model development. The 

next important stages would be to complement this by investigating the effect of geometry of 

in more physiologically relevant multi-cellular 3D models. Inclusion of different matrix 

components, and a cell co-culture system could be utilised to understand how biophysical 

signals can affect cell-fate, particularly in the contexts of inflammation and cancer.  

5.3.5 Study Limitations 

The study was severely limited by the nature of the experimental setup, which involved analysis 

at a single cell level which was hindered by limited by cell numbers. Ideally data would be 

generated regarding the transcription factor localisation for more shapes and treatment 

conditions. However, to achieve this in a reproducible manner requires a high throughput 

imaging system. Further to this, confocal rather than widefield microscopy would be superior to 

measure the volume of cell and nucleus rather than the area. This would also provide better 

spatial clarity within the Z-plane, to measure cytoskeletal features and the cellular location of 

and transcription factors.   
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Chapter 6: Discussion 

6.1 Overview of Key findings 

The aims of this thesis were to assess factors which modify the cellular response to Gc and 

consequent activity of the GR. I demonstrate that the signalling action of Gc induces both rapid 

and long-lasting cellular effects and that rapid non-genomic Gc-activity are important for 

subsequent genomic action. This indicates synergistic activity between the two mechanisms 

which had previously been considered to be independent from each other.   

Global phosphoproteomics using three pharmacologically distinct GR ligands, reveals that the 

rapid activation of GR induces the phosphorylation of a spectrum of common protein targets. 

This was unexpected given the differences in translocation dynamics and transcriptional outputs 

between the investigated GR ligands and indicates that GR modulators rapidly induce a 

phosphorylation of common target proteins following GR activation.  Gc were found to generally 

reduce the level of phosphorylation upon the identified protein targets. These shared, regulated 

phosphoproteins were located throughout the cell and were predicted to perform diverse 

functions including organisation of internal cellular components, cell-cycle regulation as well as 

roles in chromatin organisation and splicing.  Identified targets included three adhesion GPCRs, 

which could potentially be responsible for relaying membrane initiated Gc-signals. This was 

supported by the identification of GPCR Kinase I and downstream effector kinases (MAPKs, PKA, 

PKC) as implicated regulating kinases via motif analysis. Although, the full functional response 

of GPR123, GPR126 and CD97 to Gc could not be validated, I explored methodologies which can 

be used to define the relevance of these receptors in Gc biology.     

The differential regulation of a large set of nuclear proteins indicates that rapid signals initiated 

following GR-ligand engagement are required for subsequent genomic activity. Of these targets, 

transcriptional CDKs were identified with an association with the regulation of RNA polymerase 

II. This study is the first to implicate the action of CDK12-cyclin K and CDK13-cyclin K complexes 

in the transcription of Gc modulated genes, the combination of which, may have implications 

for the regulation of inflammatory and stress responsive pathways as previously demonstrated 

for CDK9 and GR-cofactor GRIP1 (69). I show that the phosphorylation status of RNA polymerase 

II is influenced by Dex, resulting in an acute signature suggestive of a favouring of transcription 

elongation. Furthermore, the expression of a subset Dex-regulated genes are affected by specific 

inhibition of CDK12 and CDK13 and appears to largely affect genes regulated by direct binding 

of GR to DNA rather than tethering through trans-repression.  
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Using transcriptomics, gene groups that are regulated by Dex and affected by CDK12 and CDK13 

inhibition were defined. Subsequent promoter analysis of these gene sets facilitated the 

identification of a number of candidate transcription factors potentially involved in the 

expression pattern of the DEGs. The findings indicate a regulatory shift in GR cross-talk with 

other transcription factors, as a result of inhibition of CDK12 and CDK13 activity.   For example, 

the FOXA1 binding is closely associated with genes upregulated by Dex and not affected by 

inhibition of CDK12 and CDK13. Whilst, for genes which are affected by inhibition, the 

association is shifted towards gene groups whose expression is downregulated by Dex with 

FOXA1 binding motifs found to be enriched within promoter regions of these gene groups.  AP-

1 factors were differentially expressed and implicated as regulatory factors for the affected gene 

groups, evident by differential expression of early response genes. The precise effect of CDK12 

and CDK13 upon the cross-talk of transcriptional regulators and GR remains to be determined. 

Nevertheless, such altered actions have implications for the control of stress response, 

proliferation and differentiation programmes relevant to disease states.   

Both phosphoproteomic and RNA sequencing approaches implicated GR in the regulation of 

cytoskeleton organisation and associated factors. I investigated the effect of cell geometry upon 

transcription factor localisation and stimulus-dependent shuttling to show that induced cell 

polarity A549 cells increases Dex-stimulated nuclear occupancy of GR. This effect was also 

observed for macrophages subject to increased stretch. This corroborates what has been shown 

in literature and shows that cellular geometric changes influence the underlying nuclear 

morphology and transcriptomic activity (134). These observations may be important for 

understanding heterogenic responses within cell populations, particularly in the context of 

cancer and inflammatory disease.  

6.2 Knowledge gaps 

This study provides new insight into the relatively uncharacterised field of rapid, non-genomic 

Gc signalling activity. The hypothesis-generating phosphoproteomic approach lead to the 

identification of a number of Gc-regulated phosphoproteins, however the precise functionality 

of Gc upon the protein’s activity and downstream pathways remains to be determined. The 

presence of a phospho-residue does not necessarily equate to increased activation (or vice 

versa) and the presence of other modified sites on the protein may also influence functionality. 

A number of proteins which were differentially phosphorylated by Gc were also gene targets 

identified as being differentially expressed by Dex by RNA sequencing.  One example would be 

the protein AHANK which also contained the greatest number of regulated phospho-motifs. This 

multi-level of regulation implicates a close functional relationship between rapid changes in 
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phosphorylation status and expression of Gc target proteins but the cellular functionality and 

consequences of many of these processes require further evaluation.    

 

A number of questions remain regarding the proposed integration of genomic and non-genomic 

signalling, including how the two processes operate in concert and modulate cell behaviour. 

Additional key proteins of interest would be the factors involved in the regulation of the 

chromatin landscape. In order to answer whether the Gc-induced changes in phosphorylation 

rapidly results in remodelling of chromatin architecture it is possible to perform Assay for 

Transposase-Accessible Chromatin using sequencing (ATAC-seq) which identifies active loci, 

particularly cis-regulatory elements, based on regions of open chromatin. The accessibility of 

chromatin is known be altered following GR activation which directs the remodelling of 

chromatin via interactions with co-factors and chromatin remodelling proteins (59, 61, 68). A 

number of such proteins were identified as differentially phosphorylated in the 

phosphoproteomics demonstrating that Gc initiates the remodelling of chromatin within 10 

minutes of ligand binding to GR. Epigenetic modifying enzymes and co-factors were identified 

as differentially phosphorylated including components of the SWI/SNF chromatin remodelling 

complex, which is known to assemble at GR-regulated promoters (338). This rapid Gc-induced 

modification may contribute to modify the chromatin architecture which imparts the context 

specificity of GR action (338). 

 

This study also provides the first evidence that CDK12 and CDK13 are involved in the expression 

of specific subsets of GR-regulated genes. Although the precise mechanistic involvement in 

addition to how CDK12 and CDK13 become differentially phosphorylated by Dex remains to be 

determined. Initial investigation suggests that CDK12 and CDK13 are important for the activation 

(rather than trans-repression) of GR target genes bound by GR at GREs and corresponds to what 

had been demonstrated for CDK9 (69).  
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6.2.1 Future Work 

To further progress these findings in this work, focus should be applied to the GR mechanism 

involving CDK12 and CDK13 genomic interaction. In addition to, deciphering the full relevance 

of the non-genomic signals and the apparent to feed-forward to the nucleus. The functional 

validation of the findings of key regulated gene targets from the RNA-seq could be performed 

by qPCR. Then, to generate a clearer view of GR and CDK12 and CDK13 genomic occupancy, 

ChIP-sequencing could be employed for samples treated in the presence of Dex, using THZ531, 

and with TNF-α to mimic inflammatory contexts and upregulation of genes to which GR-tethers 

to. This procedure would also validate predictions of interacting transcription factors generated 

using motif analysis. 

As CDK12 and CDK13 have known active involvement in splicing activities (217), other high-

throughput techniques such as ribosome profiling should be used to elucidate the role of GR 

and CDK12 and CDK13 on active translation and to identify alternatively spliced transcripts as a 

result of  Dex treatment in the presence of CDK12and CDK13 inhibition.  

 

Using temporal phophoproteomics, it would be interesting to perform a time-course analysis 

from ligand addition to GR- nuclear entry. This would build a clearer view of the dynamic 

signalling activity initiated following ligand addition (192). The potential successive identification 

of proteins would help to determine both the activated or repressed signalling pathways and 

their resultant cellular outcome. Parallel investigation using different ligands would also answer 

some unanswered questions including BSA-Dex to investigate signals initiated from the cell 

membrane and using GR-antagonist RU486 to explore the effect of a ligand which induces 

nuclear translocation and DNA binding but no transcriptional outputs.  

A number of approaches could be used to validate the identified phosphotargets and their 

participation in non-genomic GR activity. These may include site-directed mutagenesis of target 

residues as well as knock-down and over-expression experiments. These would potentially 

require the generation of custom antibodies and knowledge of putative functions to measure 

resultant perturbations. Additional investigation into characterising the identified GPCRs and 

response to Gc would help to fully elucidate the implications of the receptors. In the short term, 

the TANGO assay could be developed with cells stably expressing each of the GPCR-constructs 

which would reduce the inter-experimental variability. This would also allow for the expansion 

to test a more diverse range of stimuli including specific GPER agonist (G-1) alongside the use of 

β-oestradiaol. A panel of steroidal ligands in addition to BSA-conjugated-Dex, to GR antagonist 

RU486 could also be tested in the presence or absence of inflammation. Further to this, the 

receptors could be tested upon different matrix components – given their designation as 
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adhesion GPCRs and reported interaction of GPR126 and CD97 with ECM. Such effects upon cell 

migration and proliferation could be analysed to understand potential pathogenic activity in 

cancers (239, 247). Once modulators of the GPCRs activity have been identified further work to 

delineate the downstream signalling activities and engaged pathways shall be easier to dissect. 

This should also be performed in more physiologically relevant cell type associated with target 

tissues known to express the receptors.    

 

The data from the phosphoproteomics and RNA-sequencing of cells treated with Dex could be 

used to identify rapidly phosphorylated cytoskeletal proteins and differentially regulated genes 

associated with ontology terms such as cell-adhesion molecule binding. The localisation and 

activation status of these proteins could be assessed by immunofluorescent imaging of cells 

plated upon micropatterns. Further functional analysis by RNA-fluorescence in situ hybridisation 

(FiSH) could be used to look at gene expression changes at a single cell level.  

 

6.3 Concluding remarks 

Overall, the work presented in this thesis sheds light onto relatively uncharacterised aspects of 

Gc signalling; an understanding of which is crucial, both for the design of selective therapeutics 

to limit the occurrence of detrimental side-effects and for understanding how GR may 

contribute to the pathogenic progression of diseases such as cancer. These findings provide a 

foundation to develop a further understanding of Gc-biology in vitro, though the identification 

of targets for subsequent exploration and pave the way for future studies to apply this 

knowledge investigating potential clinical benefit.  
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6.4 Schematic Overview of Findings 

 

Figure 6.1 Investigated factors involved in mediating GR signalling 

An overview of some of the factors investigated by this study, which influence the outcomes of Gc signalling. Within 10 
minutes of Gc addition, a number of kinases are activated to mediate non-genomic cellular effects. However, this work 
shows that these processes feed-forward to affect the activity of nuclear proteins with implications on transcription.  

Gc have an inhibitory effect upon the signalling pathways which are engaged downstream of GPCRs. It is yet unknown 
whether differential phosphorylation of GPR123, GPR126 and CD97 is due to Gc acting as a ligand for the receptors or 
GR-ligand complex associating at the membrane, most likely in-complex within lipid rafts, to modulate the magnitude 
of the relayed signals.     

Gc also rapidly de-stabilise the actin cytoskeleton via cofilin-1 phosphorylation. In addition, mechanical stimuli and cell 
morphology are associated with changes in internal cytoskeleton structures which were shown to affect the 
translocation dynamics of both GR and p65. Further investigation to define whether these two mechanisms are 
connected and the effect on transcriptional outputs via direct and tethered binding. 

Multiple identified kinases responsible for mediating non-genomic signalling are capable of phosphorylating GR protein. 
This could indicate a positive feedback mechanism to fine-tune specific GR responses.      

Phosphorylation of nuclear proteins involved in chromatin remodelling indicates rapid changes genomic accessibility in 
preparation for GR binding and nuclear occupancy.    

Gc rapidly induce measurable changes in the phosphorylation pattern of RNA Polymerase II concomitant to productive 
elongation. Changes in the phosphorylation signature of CDKs including CDK12, CDK13 and partner cyclin K are in part 
responsible for the regulation of subsets of GR target genes including transcription factors which are involved in GR-
cross talk. Inhibition of CDK12 and CDK13 suggests that their activity modulates the composition of transcription factors 
co-operating / or opposing GR activity. Absence of pioneer transcription factors, altered combinations of binding 
partners, loss of tethered binding sites and differential activity of co-factor proteins or chromatin remodelling 
complexes, are all putative scenarios which may refine GR transcriptomic outputs.  

 GR-CDK12 / -CDK13 interactions may also affect post-transcriptional processing of mRNA transcripts as another level 
of regulation and requires further validation
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Appendix 

Table A. 1 List of identified Gc-regulated phosphoproteins 

 Gene and protein names for all proteins differentially phosphorylated by Dexamethasone.  *indicates proteins featured 
in schematic diagram (Figure 3.5). In the last three columns, a tick indicates the protein was detected as being 
differentially phosphorylated by the ligands GRT7 or 086X. 
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 Gene  Protein names Type Dex GRT7 086X 
* AAAS Aladin Nuclear pore complex ✓ ✓ ✓ 
* AAK1 AP2-associated protein kinase 1 SNF1 family Kinase (ser/thr) ✓ ✓ ✓ 
* AATF Protein AATF Transcription factor ✓ ✓ ✓ 
* ABCF1 ATP-binding cassette sub-family F member 1 Transporter GCN20 subfamily ✓ ✓ ✓ 
* ABI1 Abl interactor 1 Adapter ✓ ✓ ✓ 
* ABLIM1 Actin-binding LIM protein 1 Adapter/ LIM protein family ✓ ✓ ✓ 
* ACACA Acetyl-CoA carboxylase 1;Biotin carboxylase Enzyme ✓ ✓ ✓ 

* ACIN1 Apoptotic chromatin condensation inducer in the 
nucleus Adapter ✓ ✓ ✓ 

* ACLY ATP-citrate synthase Enzyme ✓ ✓ ✓ 

* ADAM9 Disintegrin and metalloproteinase domain-containing 
protein 9 Disintegrin/Metalloprotease ✓ ✓  

* ADD1 Alpha-adducin Adapter ✓ ✓ ✓ 
* ADD3 Gamma-adducin Adapter ✓  ✓ 
* ADD2 Beta-adducin Adapter ✓ ✓ ✓ 
* ADGB Androglobin Adapter ✓ ✓ ✓ 
* ADNP Activity-dependent neuroprotector homeobox protein Transcription factor ✓  ✓ 
* AEBP2 Zinc finger protein AEBP2 Transcriptional repressor ✓ ✓ ✓ 
* AFAP1 Actin filament-associated protein 1 Adapter ✓ ✓  

* AFF4 AF4/FMR2 family member 4 SEC complex ✓ ✓ ✓ 
 AGFG1 Arf-GAP domain and FG repeat-containing protein 1 RNA binding ✓ ✓ ✓ 
* AGGF1 Angiogenic factor with G patch and FHA domains 1  ✓ ✓ ✓ 
* AHNAK Neuroblast differentiation-associated protein AHNAK Adapter ✓ ✓ ✓ 
* AHNAK2 Protein AHNAK2 Adapter ✓ ✓ ✓ 
* AKAP1 A-kinase anchor protein 1, mitochondrial Adapter ✓   

* AKAP12 A-kinase anchor protein 12 Adapter ✓ ✓  

* AKAP13 A-kinase anchor protein 13 Adapter ✓ ✓ ✓ 
* AKAP2 A-kinase anchor protein 2 Adapter ✓ ✓ ✓ 
* AKT1S1 Proline-rich AKT1 substrate 1 TORC complex ✓ ✓ ✓ 
* ALKBH5 RNA demethylase ALKBH5 RNA demethylase ✓  ✓ 
* ANK2 Ankyrin-2 Adapter ✓ ✓ ✓ 
* ANKHD1 Ankyrin repeat and KH domain-containing protein 1  ✓ ✓  

* ANKRD17 Ankyrin repeat domain-containing protein 17  ✓ ✓ ✓ 
* ANKRD34C Ankyrin repeat domain-containing protein 34C  ✓ ✓  

* ANLN Actin-binding protein anillin  ✓ ✓ ✓ 
* ANX2L2 Putative annexin A2-like protein  ✓ ✓  

* ANXA2 Annexin A2  ✓ ✓  

* AP1M1 Adaptor-Related Protein complex 1, subunit mu 1 AP-1 complex ✓ ✓ ✓ 

* AP2B1 Adaptor-Related Protein complex 1, complex subunit 
beta 1 AP2 complex ✓ ✓ ✓ 

* API5 Apoptosis inhibitor 5  ✓  ✓ 

* ARFGEF2 Brefeldin A-inhibited guanine nucleotide-exchange 
protein 2 

 ✓ ✓ ✓ 

* ARGLU1 Arginine and glutamate-rich protein 1 MED1 complex ✓ ✓ ✓ 
* ARHGEF11 Rho guanine nucleotide exchange factor 11  ✓ ✓ ✓ 
* ARHGEF6 Rho guanine nucleotide exchange factor 6  ✓ ✓ ✓ 
* ARHGEF7 Rho guanine nucleotide exchange factor 7  ✓ ✓ ✓ 
* ARID1A AT-rich interactive domain-containing protein 1A Helicase, SWI/SNF family ✓ ✓ ✓ 
* ARID3A AT-rich interactive domain-containing protein 3A Transcription factor ✓ ✓ ✓ 
* ARID4B AT-rich interactive domain-containing protein 4B  ✓ ✓ ✓ 

* ARL6IP4 ADP-ribosylation factor-like protein 6-interacting 
protein 4 

 ✓ ✓ ✓ 

* ASAP1 Arf-GAP with SH3 domain, ANK repeat and PH domain-
containing protein 1 

 ✓ ✓ ✓ 

* ASH2L Set1/Ash2 histone methyltransferase complex subunit 
ASH2 Methyltransferase ✓ ✓ ✓ 

* ATF7 Cyclic AMP-dependent transcription factor ATF-7 Transcription factor ✓ ✓ ✓ 
* ATN1 Atrophin-1 Transcriptional repressor ✓ ✓  

* ATP2A2 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 ATPase ✓ ✓ ✓ 
* ATP2B1 Plasma membrane calcium-transporting ATPase 1 ATPase ✓ ✓ ✓ 
* ATP7A Copper-transporting ATPase 1 ATPase ✓ ✓ ✓ 
* ATRX Transcriptional regulator ATRX Helicase, SWI/SNF family ✓ ✓ ✓ 
 ATXN2L Ataxin-2-like protein  ✓ ✓ ✓ 
 B4GALT1 Beta-1,4-galactosyltransferase 1 Enzyme ✓ ✓  

* BABAM1 BRISC and BRCA1-A complex member 1  ✓ ✓ ✓ 
 BAG3 BAG family molecular chaperone regulator 3  ✓ ✓ ✓ 
 BAG6 Large proline-rich protein BAG6  ✓ ✓ ✓ 
 BAIAP2L1 Brain-specific angiogenesis inhibitor 1-associated 

protein 2-like protein 1 Adapter ✓ ✓ ✓ 
 BAP18 Chromatin complexes subunit BAP18  ✓ ✓ ✓ 
 BASP1 Brain acid soluble protein 1  ✓ ✓ ✓ 
 BAZ2A Bromodomain adjacent to zinc finger domain protein 

2A 
 ✓ ✓  

 BCL7B B-cell CLL/lymphoma 7 protein family member B  ✓ ✓  
 BCL7C B-cell CLL/lymphoma 7 protein family member C  ✓  ✓ 
* BCL9L B-cell CLL/lymphoma 9-like protein Transcriptional activator ✓ ✓ ✓ 
* BCLAF1 Bcl-2-associated transcription factor 1 Transcription factor ✓ ✓ ✓ 
 BICC1 Protein bicaudal C homolog 1  ✓ ✓  
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 BICD2 Protein bicaudal D homolog 2  ✓ ✓  

 BLOC1S3 Biogenesis of lysosome-related organelles complex 1 
subunit 3 

 ✓ ✓ ✓ 
 BMS1 Ribosome biogenesis protein BMS1 homolog  ✓ ✓  

 BOD1L1 Biorientation of chromosomes in cell division protein 1-
like 1 

 ✓ ✓ ✓ 

* BRD2 Bromodomain-containing protein 2 Kinase, BET family ✓ ✓ ✓ 
* BRD3 Bromodomain-containing protein 3 Kinase, BET family ✓ ✓  

* BRWD3 Bromodomain and WD repeat-containing protein 3 Chromatin modifier ✓ ✓ ✓ 
 BUD13 BUD13 homolog  ✓ ✓ ✓ 
 BYSL Bystin  ✓ ✓ ✓ 
 C11orf84 Uncharacterized protein C11orf84  ✓ ✓ ✓ 
 C12orf43 Uncharacterized protein C12orf43  ✓ ✓  
 C2CD5 C2 domain-containing protein 5  ✓ ✓ ✓ 
 C2orf49 Ashwin  ✓ ✓ ✓ 
 C7orf50 Uncharacterized protein C7orf50  ✓ ✓ ✓ 
 CAAP1 Caspase activity and apoptosis inhibitor 1  ✓ ✓ ✓ 
* CANX Calnexin Chaperone ✓ ✓ ✓ 
* CAP1 Adenylyl cyclase-associated protein 1 Adapter ✓ ✓ ✓ 
* CARHSP1 Calcium-regulated heat stable protein 1 Adapter ✓ ✓ ✓ 
 CASC3 Protein CASC3 Adapter ✓  ✓ 
* CAV1 Caveolin-1 Adapter ✓  ✓ 
 CBY3 Protein chibby homolog 3  ✓ ✓ ✓ 
 CCAR2 Cell cycle and apoptosis regulator protein 2 Adapter ✓ ✓ ✓ 
 CCDC61 Coiled-coil domain-containing protein 61  ✓ ✓ ✓ 
 CCDC86 Coiled-coil domain-containing protein 86 Adapter ✓ ✓ ✓ 
 CCM2 Cerebral cavernous malformations 2 protein Adapter ✓ ✓ ✓ 
* CCNK Cyclin-K Cyclin ✓ ✓ ✓ 
* CCNL1 Cyclin-L1 Cyclin ✓ ✓ ✓ 
* CCNY Cyclin-Y Cyclin ✓ ✓ ✓ 
 CCNYL1 Cyclin-Y-like protein 1 Cyclin ✓ ✓ ✓ 
 CD2BP2 CD2 antigen cytoplasmic tail-binding protein 2 Adapter ✓ ✓ ✓ 
* CD97 CD97 antigen GPCR ✓  ✓ 
* CDC23 Cell division cycle protein 23 homolog E3-ligase ✓ ✓ ✓ 
* CDC42EP4 Cdc42 effector protein 4 Adapter ✓ ✓ ✓ 
* CDC5L Cell division cycle 5-like protein DNA binding ✓ ✓ ✓ 
* CDK1 Cyclin-dependent kinase 1 Kinase  ✓ ✓ ✓ 
* CDK2 Cyclin-dependent kinase 2 Kinase  ✓ ✓ ✓ 
* CDK3 Cyclin-dependent kinase 3 Kinase  ✓ ✓ ✓ 
* CDK11B Cyclin-dependent kinase 11B Kinase  ✓ ✓ ✓ 
* CDK12 Cyclin-dependent kinase 12 Kinase  ✓ ✓ ✓ 
* CDK13 Cyclin-dependent kinase 13 Kinase  ✓ ✓ ✓ 
* CDS2 Phosphatidate cytidylyltransferase 2 Enzyme ✓ ✓  

* CENPB Major centromere autoantigen B Adapter ✓ ✓ ✓ 
* CENPC Centromere protein C Adapter ✓ ✓ ✓ 
* CEP170 Centrosomal protein of 170 kDa Adapter ✓ ✓ ✓ 
* CFL1 Cofilin-1 Adapter ✓ ✓ ✓ 
* CGN Cingulin Adapter ✓ ✓ ✓ 
* CHAF1B Chromatin assembly factor 1 subunit B Adapter ✓ ✓ ✓ 
* CHAMP1 Chromosome alignment-maintaining phosphoprotein 1 Adapter ✓ ✓ ✓ 
* CHD3 Chromodomain-helicase-DNA-binding protein 3 Helicase ✓ ✓ ✓ 
* CHD8 Chromodomain-helicase-DNA-binding protein 8 Helicase ✓  ✓ 
* CHD9 Chromodomain-helicase-DNA-binding protein 9 Helicase ✓ ✓  

* CHERP Calcium homeostasis endoplasmic reticulum protein Adapter ✓ ✓ ✓ 
* CHMP2B Charged multivesicular body protein 2b Adapter ✓ ✓ ✓ 
* CIC Protein capicua homolog Corepressor ✓ ✓ ✓ 
* CIR1 Corepressor interacting with RBPJ 1 Corepressor ✓ ✓  

* CLASP1 CLIP-associating protein 1 Adapter ✓ ✓ ✓ 
* CLIP1 CAP-Gly domain-containing linker protein 1 Adapter ✓ ✓ ✓ 
 CLN3 Battenin SLC transporters ✓  ✓ 
* CNNM4 Metal transporter CNNM4 Transporter ✓ ✓  

* CNOT2 CCR4-NOT transcription complex subunit 2 Adapter ✓ ✓ ✓ 
 COIL Coilin Adapter ✓  ✓ 
* COPB2 Coatomer subunit beta' Adapter ✓  ✓ 
 CPD Carboxypeptidase D Enzyme ✓ ✓  

* CPSF7 Cleavage and polyadenylation specificity factor subunit 
7 Adapter ✓  ✓ 

* CSTF3 Cleavage stimulation factor subunit 3 Adapter ✓ ✓  

* CTAGE5 cTAGE family member 5 Adapter ✓ ✓  

* CYB5B Cytochrome b5 type B Electron carrier ✓ ✓ ✓ 

* EIF4EBP1 Eukaryotic translation initiation factor 4E-binding 
protein 1 Translation repressor ✓ ✓ ✓ 

* EIF4ENIF1 Eukaryotic translation initiation factor 4E transporter Adapter ✓ ✓  

* GPR123 Probable G-protein coupled receptor 123 GPCR ✓ ✓ ✓ 
* GPR126 G-protein coupled receptor 126 GPCR ✓ ✓ ✓ 
* HSPD1 60 kDa heat shock protein, mitochondrial Chaperone ✓ ✓ ✓ 
* LRRC16A Leucine-rich repeat-containing protein 16A Adapter ✓  ✓ 
* MLLT10 Protein AF-10 Transcription factor ✓ ✓  
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* MLLT4 Afadin, Adherens junction Formation factor Adapter ✓ ✓ ✓ 
* NCAPH2 Condensin-2 complex subunit H2  ✓  ✓ 
* PRKCDBP Protein kinase C delta-binding protein Adapter ✓ ✓ ✓ 
* PTRF Polymerase I and transcript release factor Adapter ✓  ✓ 
* RNF20 E3 ubiquitin-protein ligase BRE1A E3-ligase ✓ ✓ ✓ 
* SDPR Serum deprivation-response protein Adapter ✓ ✓ ✓ 
* SLC1A5 Neutral amino acid transporter B(0) Transporter ✓ ✓ ✓ 
* STUB1 E3 ubiquitin-protein ligase CHIP Adapter ✓ ✓ ✓ 
* TRIP10 Cdc42-interacting protein 4 Adapter ✓ ✓ ✓ 
 ZFYVE19 Abscission/NoCut checkpoint regulator Adapter ✓ ✓ ✓ 
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Figure A.1 Top 20 differentially regulated phospho-residues by GR ligand.  

The top 20 up- and down regulated phosphorylated residues, in comparison to the vehicle control. Induced by A) 
Dexamethasone, B) GRT7 and C) 086X. The median fold change plotted and 95% confidence for a minimum of 3 
measurements. 
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Table A.2 Differential phosphorylation of AHNAK and AHNAK2 by Gc ligands and the predicted regulating kinases 

The differentially phosphorylated residues for AHNAK (A) and AHNAK2 (B) and predicted phosphorylating kinase. 
Generated using NetworKIN using 1.5 as minimum score cut off. Numbers correspond to the score of the kinase for that 
residue.  
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Figure A.2. G-protein coupled receptor transfection efficiency. 

HTLA HEK293 cells were transfected with plasmids containing GPR123, GPR126, CD97, GPER or GR𝛾 using fugene 6 
reagent and with 3 different concentrations of pDNA to determine the best efficiency. Cells were transfected for 48 
hours then media changed. Cells were fixed on day 4 (post transfection), permeabilised and stained to detect expression 
of the expressed protein using an anti-FLAG antibody (green), F-actin (red) and counterstained with Hoechst 33342 
(blue) Images were obtained on widefield microscope using x60 objective. Representative images are shown for each 
concentration of transfected pDNA on Day 5. Scale bar :20µm Images were processed using image J using a macro to 
quantify the number of positively transfected cells taken as a proportion of the total number of cells per field of view. 
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Figure A.3 Comparison of the N:C ratio between treatment types for A549 cells on crossbow micropatterns  

A549 cells plated onto starter A micropatterns and treated with vehicle, 10ng/ml TNF-⍺ for 3 hours and 100nM Dex for 
1 hour. Cells were fixed permeabilised and stained for GR, p65 and counterstained with Hoechst 33342 33342. 
Quantification of protein localization of GR (A,C,E) and p65 (B,D,F) seeded on to unpatterned fibronectin-coated surface 
(A&B), small (C&D) or medium (E&F) size crossbow micropattern. Quantification using Cell Profiler software and the 
peri-nuclear measurements pipeline, presented as the nuclear: cytoplasmic ratio measured pixel intensity per cell with 
mean and standard deviation. Each point represents a single cell. 
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