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Abstract 

Apoptosis is a controlled form of cell death that contributes to the removal of 

unwanted cells to maintain tissue homeostasis. Cells undergoing apoptosis 

display characteristic morphological changes including apoptotic membrane 

blebbing and apoptotic body formation. The Rho associated coiled-coiled 

containing kinase (ROCK) 1 is cleaved upon the activation of caspase-3 during 

apoptosis, resulting in a hyper-activated truncated form of the protein. This 

drives actin-myosin contractions to form dynamic apoptotic membrane blebs. In 

order to dissect the specific functionality of ROCK1-mediated apoptotic 

membrane blebbing, the Olson lab generated a mouse model of a mutant, non-

cleavable form of ROCK1 (ROCK1nc). This unique model has been studied under 

conditions of tissue homeostasis focusing on thymic development and apoptotic 

cell clearance within the thymus.  

The ROCK1nc mutation did not affect the anatomical and cellular properties of 

the thymus under physiological conditions, nor when challenged with apoptosis-

inducing agent dexamethasone. However adoptive transfer experiments did 

reveal that injection of apoptotic thymocytes into ROCK1nc recipients yielded 

greater immune cell infiltrations in comparison to ROCK1wt recipients. As no 

differences were observed between the genotypes during apoptotic conditions. 

These results suggest that apoptotic membrane blebbing is likely dispensable in 

maintaining homeostasis in the thymus.  

The importance of apoptotic membrane blebbing was also investigated in a 

genetic mouse model of lung adenocarcinoma Here the addition of the ROCK1nc 

mutation accelerated tumourigenesis with animals succumbing to lung tumours 

at a significantly earlier time. Interestingly while this particular model of lung 

adenocarcinoma is characterised by increased immunogenicity, the acceleration 

with ROCK1nc was not attributed to immune cell infiltration. These results 

suggest that defective apoptotic membrane blebbing is important in facilitating 

tumourigenesis in lung adenocarcinomas. Taken together, the results shown here 

indicate that apoptotic morphology alters tumourigenesis to a greater extent 

than homeostasis itself. These studies allow for a better understanding of the 

functions of apoptotic membrane blebbing and shed light on whether ROCK 

inhibitors could be used for the treatment of different cancers.  
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1 Introduction 

1.1 Cell death  

Cell death is a physiological process that aids in maintaining homeostatic 

balance between proliferating cells and removal of unwanted cells (D’Arcy, 

2019). The death of a cell can be regulated or unregulated, depending on the 

stimuli. At first, cell death was divided into three subtypes – apoptosis, 

autophagy and necrosis (Green and Llambi, 2015). However, more recently cell 

death is classified more broadly in two categories –non-programmed and 

programmed cell death (Galluzzi et al., 2018). Necrosis is a form of non-

programmed cell death that results in cytoplasmic swelling, random degradation 

of DNA, and plasma membrane ruptures (Weerasinghe and Buja, 2012). This 

results in the release of intracellular content, often resulting in an inflammatory 

response (Vanlangenakker et al., 2012).  

Majority of cell death modalities, including but not limited to apoptosis, 

autophagy, pyroptosis and ferroptosis are classed as programmed cell death. The 

most widely studied is apoptosis (discussed in detail below) (Kerr et al., 1972). 

Autophagy, a process involved in recycling and removing intracellular 

components, can result in programmed cell death upon the occurrence of an 

irreversible cellular stresses (Bialik et al., 2018). During autophagy induced cell 

death, cells display large intracellular vesicles, enlarged organelles and plasma 

membrane blebbing (Liu and Levine, 2015). Another form of programmed cell 

death, pyroptosis, is known as an inflammatory form. Upon the recognition of 

pathogenic stimuli in immune cells, intracellular signalling cascades cause the 

formation of pores on the plasma membrane (Liu et al., 2016a). Thus, these 

cells present with swelling, plasma membrane rupture and DNA fragmentation 

(Ryter and Choi, 2014). On the other hand, ferroptosis is known as an iron 

dependent form cell death resulting in an accumulation of lipid reactive oxygen 

species induced by small molecules and drugs (Dixon et al., 2012, Manz et al., 

2016). Cells undergoing ferroptosis do not exhibit the morphological features of 

apoptosis or autophagy. Rather, ferroptotic cells display smaller and denser 

mitochondria with reduced cristae (Dixon et al., 2012). The different modes of 

programmed cell death is determined by their stimuli, molecular mechanism and 

morphological features.  
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1.2 Apoptosis  

Apoptosis is a form of programmed cell death that results in the efficient 

removal of damaged or unwanted cells (Kerr et al., 1972). As a naturally 

occurring process, apoptosis can occur in both physiological and pathological 

conditions. In physiological settings, programmed cell death is important for a 

number of reasons including the developmental process, the maintenance of 

homeostasis, as well as a defence mechanism against foreign bodies. Apoptosis is 

then seen as a requirement to maintain the balance in multicellular organisms, 

offsetting mitotic events. As such, it is estimated that the human body has an 

apoptotic turnover rate of ~150 billion cells per day (Bianconi et al., 2013, 

Devitt and Marshall, 2011). When apoptosis is triggered in a cell past a certain 

stage, an irreversible process ensues. A variety of controlled morphological and 

intracellular disassembling changes occur, ultimately breaking the cell up into 

fragments allowing for its clearance (Wickman et al., 2012).  

Equally as important as cell death itself, is efferocytosis, or the clearance of 

apoptotic cells and debris by phagocytic cells (Devitt and Marshall, 2011). While 

cells undergo apoptosis, signals are released and recognised by phagocytic cells 

to allow cellular uptake. Apoptosis is a clever, immunologically silent self-

destruct design that leads a cell to its death and its clearance. Together, both 

apoptosis and apoptotic cell clearance play vital roles in the management of cell 

numbers, immunity, responses to injury and development. Defects in either cell 

death or cell clearance mechanisms can trigger detrimental consequences 

including immune cell activation and cellular accumulation. This could 

potentially lead to pathological states including autoimmunity and cancer (Green 

et al., 2016). 

1.3 Apoptotic process 

1.3.1 Triggering apoptosis 

The apoptotic process can be triggered from both internal and external stimuli 

on a cell. This gives rise to two main pathways for apoptosis induction – the 

intrinsic pathway and the extrinsic pathway (Figure 1-1). Regardless of which 
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pathway is activated, the apoptotic process yields the same defining biochemical 

and morphological hallmark changes (Fulda and Debatin, 2006). 

1.3.1.1 Intrinsic pathway 

The intrinsic pathway is triggered by a variety of non-receptor mediated stimuli 

arising from within the cell. These stimuli can be classed as positive or negative. 

Positive stimuli include, but are not limited to, damage to the cell inflicted by 

radiation or chemotherapy, oxidative stress, hypoxia, and increased intracellular 

calcium. Negative stimuli refer to the lack of suppression of apoptosis which 

results in the induction of the intrinsic apoptotic pathway. These negative 

stimuli include a lack of growth factors, hormones or cytokine survival signals. 

An important sensor of intracellular stresses is p53 that can trigger cell death via 

the intrinsic pathway (discussed in a later section) (Haupt et al., 2003). Once 

triggered, a variety of intracellular signalling cascades leads to a series of 

mitochondrial initiated events (Elmore, 2007). The mitochondria are double 

membraned organelles which lose their membrane integrities, resulting in the 

release of mitochondrial content and ultimately, cell death (Figure 1-1).  

This process is tightly controlled by the larger B-cell lymphoma (BCL-2) family of 

proteins(Adams and Cory, 2007). The Bcl-2 family of proteins is classified into 

three main groups based on their structure of the Bcl-2 homology (BH) domain 

that function as either pro-apoptotic or anti-apoptotic proteins. The pro-

apoptotic proteins can be further subdivided into two groups – the effector 

proteins and BH3 only proteins (Shamas-Din et al., 2013). The effector proteins 

contain multiple BH domains and members of this family include BCL-2 

associated X protein (BAX), BCL-2 homologus antagonist killer (BAK) and BCL-2 

related ovarian killer (BOK). Members of the BH3 only proteins contains only the 

BH3 motif and these include, but are not limited to, BCL-2 like protein 11 (BIM), 

BCL-2 associated agonist of cell death (BAD), BH3-interacting domain death 

agonist (BID), Phorbol-12-myristate-13-acetate-induced protein 1 (NOXA) and 

p53 upregulated modulator of apoptosis (PUMA) (Letai et al., 2002). The anti-

apoptotic protein family include BCL-2, myeloid cell leukaemia 1 (MCL-1) and B-

cell lymphoma-extra-large (BCL-XL), all of which contain multiple BH domains 

(Campbell and Tait, 2018). Interactions between pro and anti- apoptotic proteins 

can bind and sequester the effects of each other, either prohibiting the release 
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of mitochondrial content or promoting it. A delicate balance exists between 

these three groups of proteins, whereby the dominant subgroup determines the 

fate of the cell (Kale et al., 2018). 

The induction of apoptosis via the intrinsic pathway activates the pro-apoptotic 

BCL-2 proteins, namely BAX or BAK. BAX and BAK both have the ability to 

oligomerise once activated and form pores in the outer mitochondrial 

membrane. Mitochondrial outer membrane permeabilisation (MOMP) causes the 

release of mitochondrial contents, committing a cell to death (Brunet et al., 

1998, Marsden et al., 2002, Singh et al., 2019). These contents include 

cytochrome C, Second mitochondria-derived activator of caspase/diablo IAP-

binding mitochondrial protein (SMAC), and Omi stress-regulated endoprotease 

(OMI) as the primary group and apoptosis inducing factor (AIF), endonuclease G 

and caspase activated DNAse (CAD) as the secondary group. All these activate 

downstream caspases either directly or indirectly. In a direct manner, cytosolic 

cytochrome C binds to apoptotic-protease-activating factor 1 (APAF-1) forming 

an apoptosome with caspase-9, leading to the activation of caspase-3. 

Indirectly, SMAC and OMI inhibit the inhibitor of apoptosis (IAP) proteins in order 

to free caspase-3 and -9 for activation and execution of downstream pathways 

(Kroemer et al., 2007, LaCasse et al., 2008). The secondary group of protein 

release occurs after the release of the primary proteins. Following the release of 

AIF, endonuclease G and CAD from the mitochondria, these proteins translocate 

to the nucleus to facilitate DNA fragmentation and chromatin condensation 

(Elmore, 2007). 

The initiation of MOMP is considered the key event for the commitment to 

apoptosis (Chipuk et al., 2006). MOMP is the common denominator between the 

different initiators of cell death, intrinsic or extrinsic, and occurs irrespective of 

caspase activation (Chipuk and Green, 2005). Upon commencement of MOMP, 

mitochondrial function is disrupted, DNA fragmentation and chromatin 

condensation occur, and a decline in energy production ensures the destruction 

of a cell (Ricci et al., 2003).  
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Figure 1-1 Overview of the apoptotic pathways. Apoptosis can be triggered in a variety of ways 
including the intrinsic pathway (A), extrinsic pathway (B) and glucocorticoid pathway (C). The 
intrinsic pathway is triggered by a variety of intracellular stresses including DNA damage or a lack 
of survival signals. Once sensed, pro-apoptotic proteins in the BCL-2 family ultimately form pores 
on the outer mitochondrial membrane. Mitochondrial content, including cytochrome C, SMAC, OMI, 
endonuclease G, AIF and CAD, are released into the cytoplasm in two phases. The first is where 
cytochrome C forms a complex with initiator caspase 9 and APAF-1 to activate downstream 
executioner caspase -3, 6 and 7. In the second phase, endonuclease G, AIF and CAD translocate 
to the nucleus to facilitate chromatin condensation and DNA fragmentation. With the extrinsic 
pathway, death ligands bind to death receptors which recruit adaptor proteins and initiator 
procaspases such as caspase-8. Once activated, caspase-8 further activates executioner 
caspases as well as cleave BID, a BH3 pro-apoptotic BCL-2 protein, to cause mitochondrial outer 
membrane permeabilisation. Glucocorticoids bind to intracellular receptors which translocate into 
the nucleus to initiate gene activation and repression. An upregulation of BIM feeds back to the 
intrinsic apoptotic pathway. This figure was made using contents from Servier Medical Art, under 
the Creative Commons Attribution 3.0 Unported License https://smart.servier.com/ 

1.3.1.2 Extrinsic pathway 

The extrinsic apoptotic pathway involves the induction of apoptosis through 

transmembrane receptors known as death receptors. These death receptors are 

part of the tumour necrosis factor (TNF) gene superfamily (Locksley et al., 

2001). Each individual death receptor binds to its own corresponding death 

ligand. For example, TNF receptor 1 (TNFR1) binds to its ligand TNF, CD95 (FAS) 

binds to CD95-ligand (FAS ligand; FasL) and TNF-related apoptosis inducing 

ligand (TRAIL) receptor 1 and 2 binds to TRAIL (Wajant, 2002, Hsu et al., 1995c). 

The expression of death receptors, FAS and TRAIL, can be induced by p53 when 
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exposed to cellular insults (Haupt et al., 2003). The death receptor is made up 

of a cysteine-rich extracellular portion and a cytoplasmic portion of about 80 

amino acids. This intracellular portion contains a death domain, where upon 

ligand binding causes the recruitment of adaptor proteins with a corresponding 

death domain (Kischkel et al., 1995). Adaptor proteins such as Fas-associated 

death domain protein (FADD) and TNF-receptor associated death domain protein 

(TRADD) mediate downstream signalling. 

The receptor, adaptor proteins and monomeric pro-caspase-8 form a death 

inducing signalling complex (DISC) to assemble dimers of procaspase-8, allowing 

auto-proteolytic cleavage and subsequent activation (Galluzzi et al., 2018). 

Depending on the type of cell, caspase-8 drives the activation of caspase-3 and 

successive signalling cascades in Type I cells (such as thymocytes and 

lymphocytes); in Type II cells (such as hepatocytes, pancreatic β cells and 

cancer cells), activated caspase-8 cleaves BH3 pro-apoptotic protein BID to its 

truncated form tBID, causing MOMP to occur and activation of caspase-3 (Huang 

et al., 2016). Once the caspases are activated, the same cascade of events occur 

as in the intrinsic pathway (Figure 1-1). 

1.3.1.3 Glucocorticoid-mediated apoptosis 

Apart from the main extrinsic and intrinsic triggers of apoptosis, apoptosis can 

also be triggered by glucocorticoids (GC). GCs are steroid hormones known for 

their ability to modulate the immune system (Ashwell et al., 2000). Some cell 

types are sensitive to GC-induced apoptosis, most notable are T-lymphocytes. 

GCs bind to glucocorticoid receptors (GR), which are found in a complex in the 

cytoplasm (Howard et al., 1990). Once bound, the GC-GR complex translocate 

into the nucleus and bind to glucocorticoid response elements (GRE) of target 

gene promoter regions, either repressing or activating the transcription of target 

genes (Bamberger et al., 1996). Importantly, there is an upregulation in BIM, a 

BH3 pro-apoptotic protein that facilitates the reorganisation of BAX and BAK to 

cause MOMP. At this point, mechanisms similar to the intrinsic pathway are 

triggered (Figure 1-1). Additionally, GC-induced apoptosis can also mediate the 

transcriptional activation of inhibitor of NFκB (IκB). IκB inhibits the pro-survival 

effects of nuclear factor kappa light chain enhancer of activated B cells (NFκB), 

including increased expression of IAP (Schmidt et al., 2004). 
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1.3.1.4 Caspase activation 

Regardless of which pathway apoptosis is induced, a crucial aspect and common 

denominator of triggering apoptosis is the activation of caspases. Caspases are 

essential and broken down into two classes - the initiators and executioner (also 

called effector). In mammalian cells, the initiators include caspase-2, -8, -9, and 

-10, while caspase-3, -6, and -7 are part of the executioner caspases. These 

proteolytic enzymes exist initially as procaspases that need to be activated 

either by dimerization, auto-activation, or cleavage, for the initiators or 

effectors respectively (Muzio et al., 1998, Chang et al., 2003). Once activated, 

initiator caspases are recruited into complexes, initiating a cascade activation 

and cleavage of effector caspases and downstream proteins. Executioner 

caspases are then capable of cleaving a plethora of downstream targets and 

other effector caspases, creating a positive feedback loop (McIlwain et al., 

2013). Inherently, the proteolytic ability of caspases targets cleavage after 

aspartate residues on proteins, whilst the specificity of each individual caspase 

is determined by amino acid residues nearby the aspartate residue (Riedl and 

Shi, 2004). It is evident that caspases are key to the apoptotic process. In 

particular, caspase-3 is considered one of the more important executioner 

caspases that is activated. The activation of caspases mediates a number of 

characteristic morphological, structural and biochemical changes that occur 

during apoptosis. This allows the appropriate dismantling of a cell, preparing it 

for clearance. 

1.3.1.5 Non apoptotic roles of caspases 

Although caspases are widely known for their roles in apoptosis, a variety of non-

apoptotic functions have been discovered as well. Caspases have been shown to 

play a role in inflammation, development and proliferation (Shalini et al., 2015). 

Several caspases have been identified as important in inflammation including 

caspase-1. Caspase-1 was shown to aid the maturation process of IL-1β and IL-18 

by cleaving the cytokines (Thornberry et al., 1992, Cerretti et al., 1992). The 

processing of these cytokines are mediated through inflammasome activation of 

caspases (Martinon et al., 2002). This cascade is initiated through a variety of 

stimuli including DAMPs, such as reactive oxygen species, and PAMPs, such as 

RNA (Shalini et al., 2015). Inflammasome-caspase mediated processing of IL-1β 
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can result pyroptosis, a type of cell death considered to promote an immune 

response (Miao et al., 2011). Similar to caspase-1, caspase-8 has also been shown 

to form a complex with RIG-1 following a viral infection, resulting in the 

inhibition IFN production (Rajput et al., 2011).  

In addition to inflammation, caspases have been involved in cell differentiation 

(Shalini et al., 2015). Caspase-3 was revealed to be important in the 

differentiation of different cell types including lens fibre formation, osteoblasts, 

neuronal differentiation and macrophage formation (Ishizaki et al., 1998, Mogi 

and Togari, 2003, Yan et al., 2001, Sordet et al., 2002). All of these caspase-3 

mediated functions were carried out in the absence of apoptosis. Furthermore, 

there has been evidence showing that in macrophages, non-apoptotic caspase-3 

can cleave downstream rho-associated coiled-coiled containing kinase (ROCK) 1 

protein to alter cell polarity (Liu et al., 2016b). Furthermore, both caspase-11 

and caspase-8 have also been implicated in altering cytoskeleton dynamics 

during cell migration (Nakajima and Kuranaga, 2017, Helfer et al., 2006, Li et 

al., 2007). These are several emerging pieces of evidence that shed light on the 

various non-apoptotic functions of caspases.  

1.3.2 Cellular changes during apoptosis. 

1.3.2.1 Morphological changes 

The apoptotic process sees a number of hallmark morphological changes occur to 

a cell. During the early phases of apoptosis, an apoptotic cell rounds up, shrinks 

and detaches from neighbouring cells and the extracellular matrix (Kerr et al., 

1972). The detachment of cells from its environment is only true for adherent 

cells, as this phenomenon is not observed with suspension cells (Lane et al., 

2005). Following this, several key features are observed – the condensation of 

chromatin; nuclear and DNA fragmentation; the formation of dynamic membrane 

blebs; and ultimately, the pinching off of these blebs into apoptotic bodies. 

Fragments of DNA and other intracellular contents, including organelles are 

packaged into these enclosed apoptotic bodies (Kerr et al., 1972, Elmore, 2007). 

This allows apoptotic bodies to be engulfed by phagocytic cells and cleared 

efficiently (Figure 1-2). These morphological features are unique to apoptosis, 

which is in contrast to the uncontrolled form of cell death, necrosis (Wyllie et 
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al., 1980). During necrosis, cells lose their membrane integrity rapidly, releasing 

its intracellular contents to promote an immune response. This renders apoptosis 

as an immunologically silent process. 

 

Figure 1-2 Apoptotic process involves morphological, structural and biochemical changes. 
When a healthy cell undergoes apoptosis, it rounds up, shrinks and detaches from neighbouring 
cells (A). The cell then undergoes a number of changes including chromatin condensation, 
fragmentation of the DNA and nucleus, disruption of the actin cytoskeleton, dynamic membrane 
blebbing and externalisation of phosphatidylserine (B). Apoptotic bodies are formed by the pinching 
off of the membrane blebs packaged with disintegrated cellular content (C). Phagocytes are 
recruited by ‘find-me’ signals sent out of dying cells culminating in phagocytosis of the dead cell 
upon ‘eat-me’ signal recognition (D). This figure was made using contents from Servier Medical Art, 
under the Creative Commons Attribution 3.0 Unported License. https://smart.servier.com/ 
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1.3.2.2 Structural changes and mechanisms during apoptosis 

The structural integrity of a cell is one of the first aspects targeted by caspases. 

Cytoskeletal components, microtubular proteins and intermediate filament 

proteins are downstream targets of caspases (Taylor et al., 2008). The 

cytoskeletal targets include actin, myosin and filamin; the microtubulular 

proteins include tubulins, tau, and cytoplasmic dynein intermediate chain; and 

lastly the intermediate filament proteins include vimentin, keratins and nuclear 

laminins (Communal et al., 2002, Thiede et al., 2005, Taylor et al., 2008). 

Furthermore, the dismantling of focal adhesion sites and cell-cell adherens 

junctions by cleavage of focal adhesion kinase (FAK), p130cas, tensin, as well as 

catenins required for adhesion sites, have been shown to trigger the detachment 

of apoptotic cells. Caspase-mediated cleavage of these cytoskeletal components 

and focal adhesion sites leads to the morphological changes seen during early 

apoptosis – rounding up, shrinking and detachment. 

A key substrate of caspase that mediates the dynamic membrane blebbing of 

apoptotic cells is the Rho effector kinase, rho-associated coiled-coiled 

containing kinase 1 (ROCK1) (discussed later). The c-terminus of ROCK1 is 

cleaved by caspase-3 during apoptosis which results in a constitutively active 

kinase. This causes downstream phosphorylation of ROCK1 targets including 

myosin light chain (MLC), MLC phosphatase and LIM domain (LIM) kinase, leading 

to the contraction of actin and stabilisation of actin (Figure 1-3). This process 

initiates the formation of membrane apoptotic blebs, and subsequently 

apoptotic bodies. Membrane blebs are formed due to the hydrostatic pressure 

that builds up following actomyosin contraction mediated by ROCK1 (Wickman et 

al., 2012). The formation of apoptotic bodies depends on the presence of actin 

at the base of membrane blebs, the degradation of the stress fibres and 

microtubule disruption (Mills et al., 1998). All of these play an important part in 

compartmentalising intracellular content and concentrating phagocytic signals 

for efficient removal (Coleman et al., 2001, Sebbagh et al., 2001).  

Another characteristic morphological change during apoptosis is nuclear and DNA 

fragmentation. The weakening of the nuclear lamina is mediated by the 

proteolytic cleavage of laminin A, B and C. Additionally, ROCK1 also plays a 

crucial role in the dismantling of the nuclear envelope. The reorganisation of the 
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actin-cytoskeleton by ROCK1 and the weakening of the nuclear lamina, results in 

tearing the nuclear envelope during apoptosis (Croft et al., 2005, Coleman et 

al., 2001, Sebbagh et al., 2001). Once the nucleus is dismantled, the 

intracellular nuclear fragments and organelles are dispersed into the apoptotic 

blebs (Moss et al., 2006).  

The organelles within a cell are also subject to degradation and fragmentation. 

Although at first, these organelles are intact during early apoptosis, during late 

stage apoptosis, they are cleaved, dismantled and disseminated into apoptotic 

blebs and bodies. The golgi apparatus and endoplasmic reticulum are cleaved in 

a caspase-mediated manner. Caspases are also important in shutting down 

mitochondrial function through cleavage of components in complex I. The 

fragmentation of the mitochondria itself is attributed to the function of pro-

apoptotic BCL-2 proteins (Ricci et al., 2004). 

 

Figure 1-3 ROCK1 signalling during apoptosis. ROCK1 is cleaved by the executioner caspase-
3. The truncated kinase is hyperactive, phosphorylating downstream signals such as LIM domain 
kinase (LIMK), myosin light chain (MLC), and MLC phosphatase (MLC-P). Phosphorylation of 
MLC-P disinhibits MLC activity. The phosphorylation of these downstream proteins mediates actin-
myosin contraction which contribute to apoptotic membrane blebbing and apoptotic body formation. 
Changes in the cytoskeleton also assist in nuclear fragmentation during apoptosis. 
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1.3.2.3 Biochemical changes 

The activation of the proteolytic caspase cascade is a key biochemical feature 

during apoptosis. Caspase activation is often known as the point of no return, 

committing a cell to death. In addition to the activation of caspases and 

cleavage of proteins, widespread protein cross-linking is also another feature 

observed during apoptosis. The expression and activation of transglutaminase 

allow extensive protein cross-linking to occur (Nemes et al., 1996).  

Moreover, another characteristic biochemical feature is the fragmentation of 

DNA and condensation of chromatin. Both DNA fragmentation and further 

chromatin condensation is dependent on CAD, a protein released from the 

mitochondria upon MOMP induction. Chromatin condensation is observed in two 

stages. During early apoptosis, the chromatin is tightly packed within the 

nucleus in stage 1. In stage 2, CAD leads to more distinct chromatin 

condensation (Enari et al., 1998). CAD also initiates the fragmentation of DNA at 

internucleosomal sites into smaller portions (Samejima et al., 2001). It is 

speculated that both DNA fragmentation and chromatin condensation are 

required to avoid the activation of immune cells, as apoptosis-associated DNA 

fragments released extracellularly could cause an immune response (Napirei et 

al., 2000).  

In addition to changes at the nuclear level, alterations at the membrane level 

also occur. The externalisation of phosphatidylserine (PS) is an important 

process during apoptosis. PS functions as a phagocytic ligand which, under 

normal, physiological circumstances, remains on the intracellular plasma 

membrane leaflet (Fadok et al., 1992). During apoptosis however, PS is 

translocated to the external leaflet of the plasma membrane to promote 

phagocytosis. The lipid transporter proteins, flippases, floppases and 

scramblases are responsible for maintaining the lipid integrity of plasma 

membranes and subsequently, the externalisation of PS upon an apoptotic 

stimuli (Hankins et al., 2015). These changes facilitate a dying cell into 

dismantling itself in a controlled manner, while enabling the exposure of certain 

phagocytic markers to promote engulfment by phagocytic cells, a process known 

as efferocytosis (Figure 1-2). 
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1.3.3 Apoptotic cell clearance 

1.3.3.1 Release of ‘find-me’ signals 

The process of apoptotic cell clearance begins with the release of signals, known 

as ‘find-me’ signals from the apoptotic cell itself. This begins before the cell has 

actually died in order to recruit phagocytes and promote the clearance of dead 

cells rapidly (Ravichandran, 2003). A variety of ‘find-me’ signals have been 

discovered, including fractalkine, nucleotides, lysophosphatidylcholine (LPC) and 

sphingosine 1-phosphate (S1P). In in vivo scenarios however, only fractalkine and 

nucleotides have been able to attract monocytes to apoptotic cells (Elliott et 

al., 2009, Truman et al., 2008).  

Fractalkine, a chemokine that is known to attract macrophages, is processed and 

released during the early stages of apoptosis through small membraned vesicles 

known as micro-particles (Truman et al., 2008). Nucleotides adenosine 

triphosphate (ATP) and uridine triphosphate (UTP) on the other hand are 

released through pore-opening channel receptors known as pannexin channels, 

in particular the P2γ2 receptor (Chekeni et al., 2010). The role of nucleotides as 

in apoptotic cell clearance was clearly demonstrated in the thymus, whereby 

interference with the signalling axis resulted in impairment in thymocyte 

clearance in vivo (Elliott et al., 2009). LPC and S1P recruit macrophages by 

binding to G-protein coupled receptors (GPCRs) and S1P receptor respectively 

(Gude et al., 2008, Peter et al., 2008). The release of these find me signals are 

caspase-mediated events aimed at inducing phagocyte migration to the source 

site. Cells can be phagocytosed by professional phagocytes, such as macrophages 

and dendritic cells, as well as neighbouring cells that have engulfment 

capabilities, such as epithelial cells (Medina and Ravichandran, 2016). 

1.3.3.2 Recognition of ‘eat-me’ signals 

‘Find-me’ signals act as a beacon for phagocytic cells towards apoptotic cells. 

‘Eat-me’ signals are then exposed on the surface of apoptotic cells, inviting 

phagocytes in to engulf the apoptotic debris. The most well characterised ‘eat-

me’ signal is PS. PS externalisation is a characteristic biochemical change that 

occurs during apoptosis. It is speculated that the engulfment of apoptotic cells 

occurs if the levels of PS are above a certain threshold (Fadeel, 2004). PS can be 
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recognised by macrophages in two ways. The first is through the receptors 

including Ba1, Tim5 and Stablin2 (Wickman et al., 2012). The second is through 

bridging molecules such as milk fat globule epidermal growth factor 8 (MFG-E8). 

The molecule MFG-E8, is secreted by macrophages and anchors itself and PS to 

αvβ3 integrins on the phagocyte (Hanayama et al., 2002). It has been speculated 

that PS focalises on apoptotic membrane blebs as externalised phospholipids 

accumulate on blebs (Pace et al., 1999).  

In addition to PS, the externalisation of proteins and molecules such as 

calreticulin plays an important part in efferocytosis. Calreticulin is normally 

maintained intracellularly, however, during apoptosis it is translocated to the 

plasma membrane (Panaretakis et al., 2009). Extracellular calreticulin is 

recognised by the low density lipoprotein receptor related protein (LRP-1/CD91) 

that is expressed on phagocytes. More recently, calreticulin has been shown to 

bind to PS itself and aid in efferocytosis (Wijeyesakere et al., 2016). CD91 seems 

to have additional roles at apoptotic membrane blebs binding to complement 

component C1q, acting as bridging molecules, particularly in human endothelial 

cells (Wickman et al., 2012).  

As apoptotic cells express ‘eat-me’ signals to initiate phagocytosis, they also 

reduce their expression of ‘don’t eat-me’ signals. Two main ‘don’t eat-me’ 

signals are CD47 and CD31, both of which are expressed in abundance in healthy 

cells. The interaction between CD47 on healthy cells and signal regulatory 

protein alpha (SIRP1α) suppresses the actin-cytoskeletal arrangement required 

for phagocytosis. Thus, apoptotic and damaged cells reduce their expression of, 

or alter the distribution of CD47, allowing efferocytosis (Gardai et al., 2005, Lv 

et al., 2015). Similarly, the expression of CD31 induces repulsion of healthy cells 

when interacting with CD31 on phagocytic cells. This homotypic interaction is 

not carried out due to a reduction of CD31 on apoptotic cells. Altogether, the 

exposure of ‘eat-me’ signals and the reduction of ‘don’t eat-me’ signals serve 

important processes to ensure the clearance of apoptotic cells. 

1.3.3.3 Engulfment of apoptotic cells 

The entire apoptotic process culminates in the clearance of damaged or 

unwanted cells. The uptake of apoptotic debris is carried out by professional 
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phagocytes or in some cases, neighbouring cells that have phagocytic 

capabilities. Macrophages are regarded as the main professional phagocyte 

population responsible for most of the apoptotic cell removal. Alongside 

macrophages, dendritic cells (DCs) and monocytes are also classed as 

professional phagocytes (Henson, 2017). It is important to note that tissue 

specificity for phagocytosis is determined by the presence of different PS 

receptors. For example, TIM-1 is important in the kidneys, whereas BAI-1 

provides tissue specificity towards the spleen, brain and bone marrow 

(Hochreiter-Hufford and Ravichandran, 2013).  

Once a phagocyte engages with the apoptotic cell, reorganisations in its 

cytoskeleton are required to internalise the debris and degrade it (Doran et al., 

2020). Similar in how Rho effector kinases, such as ROCK, are important in 

altering the cytoskeletal structure of apoptotic cells, ROCK and Ras-related 

botulinum toxin substrate 1 (Rac1) play further roles in disrupting the membrane 

of phagocytes to allow for engulfment of dead cells (Nakaya et al., 2006, Erwig 

et al., 2006). The uptake of apoptotic bodies through reduced stress fibre 

formation and changes in cellular shape utilises a large amount of plasma 

membrane for internalisation that needs to be replenished (Doran et al., 2020). 

Once internalised, the phagocytic cell must process the highly metabolic cargo 

load, containing lipids, nucleic acids and amino acids. Phagolysosomes are 

formed to degrade the cargo, and metabolic pathways are upregulated to 

process the metabolic load (Martinez et al., 2011). Ultimately efferocytosis aims 

to achieve 3 goals – the prevention of secondary necrosis; suppression of 

inflammatory responses; and promotion of self-tolerance (Doran et al., 2020). If 

either the apoptotic process or the clearance of apoptotic cells are disrupted, 

there can be dramatic consequences in the onset of certain diseases. 

1.4 Apoptosis in physiology and disease 

As previously discussed, apoptosis is an important process for the removal of 

unwanted or damaged cells. It is imperative for the developmental process, the 

maintenance of normal tissue functions and the immune system (Henson and 

Hume, 2006). 
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1.4.1 Development 

During the developmental process, apoptosis acts a quality control measure, 

repairing any developmental errors that arise (Meier et al., 2000). Three model 

systems: the Caenorhabditis elegans, Drosophila melanogaster, and the mouse 

(Mus musculus), have greatly increased our understanding of how apoptosis is 

key for development. Unlike in C. elegans and D. melanogaster, the 

developmental process does not stop at birth or metamorphosis in vertebrates. 

In vertebrates, development is a continual process (Rich et al., 2000, Meier et 

al., 2000). Tissue development is based on three principles – proliferation, 

differentiation and death. One of the most well characterised roles of apoptosis 

in organ development and morphogenesis is the development of limbs in digit 

individualisation models (Zakeri et al., 1994). Aberrations in the cell death 

process caused malformations in limb formation (Hernandez-Martinez and 

Covarrubias, 2011, Zakeri et al., 1994). 

Not only is apoptosis important in the development of limbs, but also in the 

formation of hollow structures such as vessels and neural tubes (Weil et al., 

1997, Coucouvanis and Martin, 1995). Additionally, another process important 

for development is anoikis – apoptosis resulting from detachment of cells from 

neighbouring cells (Frisch and Francis, 1994). Anoikis is essential for preventing 

the translocation of lone cells to inappropriate locations, a process cancer cells 

become resistant to (Malagobadan and Nagoor, 2019). Other processes in the 

body that rely on apoptosis include the turnover of photoreceptors, 

spermatogenic differentiation, heart development and neural development 

(Finnemann et al., 1997, Nakagawa et al., 2005, Abdelwahid et al., 2002, 

Awasaki et al., 2006).  

Multiple genetic studies have argued that apoptosis is not entirely essential in 

development. Strasser et. al. have shown that although the majority of mice 

lacking the pro-apoptotic BCL-2 proteins BAX, BAK and BOK, do display 

developmental defects and do die, majority of the organs were developed 

normally in the foetus and in rare cases, some mice survived until adulthood (Ke 

et al., 2018). Furthermore, some caspase-3 deficient mice on a C57/Bl6 

background alone can survive until adulthood with limited defects in the central 

nervous sytem (Zheng et al., 1999). Simiarly, although the majority of mice 
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lacking APAF-1 or caspase-9 suffer from neuronal defects and die prior to birth, 

a small percentage of mice survive and develop normally into adulthood 

(Cecconi et al., 1998, Hakem et al., 1998). If even a small number of mice can 

develop without key components of the apoptotic cascade, then the absolute 

requirement of apoptosis during development is questioned.  

1.4.2 Tissue homeostasis 

Tissue homeostasis is achieved by maintaining a delicate balance between the 

renewal of and demise of cells in the body (Biteau et al., 2011). The majority of 

cells in the body have a limited life span, which indicates that cells are 

constantly being turned over. Despite high levels of apoptotic activity, evidence 

of apoptosis is rarely seen in organs when analysed by immunohistochemistry 

(Nakanishi et al., 2011, Platt et al., 2000). Individual organs have different rates 

of turnover. For example, the intestinal epithelium is replaced every 5 days, 

while the lung epithelium is replaced every 6 months (Blanpain et al., 2007). 

Tissue remodelling is also reliant on cell death and regeneration, particularly 

evident in the mammary gland during the ovarian cycle, pregnancy and weaning 

(Hennighausen and Robinson, 2005). Cell turnover is also important for certain 

tissue-specific functions. The skin is an important barrier from external insults, a 

function depending on the renewal and death of epithelial cells (Pellettieri and 

Sanchez Alvarado, 2007). It is not surprising then that the balance between cell 

death and renewal is imperative for human health. Augmentation of cell death 

or impediment of regeneration underpin these phenomena (Sharpless and 

DePinho, 2004). On the contrary, increased cell proliferation and evasion of cell 

death mechanisms underlie cancer (Green and Evan, 2002, Pardal et al., 2003).  

1.4.3 Apoptosis and the immune system 

The immune system is required to protect the body from foreign pathogens, such 

as microbes, viruses, and damaged cells (Nicholson, 2016). Structural, chemical 

and cellular barriers are three fundamental requirements of a functioning 

immunity (Marshall et al., 2018). The cellular barriers are categorised into two 

central arms that mediate immunity – the innate and the adaptive immunity 

(Janeway, 2001). Both of which contribute to eliminating threats to the body 

and mediating self-tolerance. Further understanding of the immune system has 
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shed light on how important apoptosis is for the regulation of the immune 

system. Apoptosis has been shown to be important in, activation (antigen) 

induced cell death, B-cell maturation, T-cell development and cytotoxicity 

mechanisms (Feig and Peter, 2007). 

1.4.3.1 Activated (antigen)-induced cell death (AICD) 

A variety of immune cells once activated experience proliferation. However, to 

keep the number of immune cells in check, they must undergo apoptosis once a 

threat is resolved (Feig and Peter, 2007). Neutrophils are part of the innate 

immune system and are known as the first responders to a site of inflammation 

(Jenne et al., 2018, Fox et al., 2010). Neutrophils have short life spans of 24-36 

hours, undergoing spontaneous apoptosis regulated by MCL-1 (Moulding et al., 

2001, Edwards et al., 2004). Integrin engagement, pro-inflammatory cytokines 

and growth hormones such as interleukin-2 (IL-2) and granulocyte macrophage 

stimulating factor (GMCSF), and hypoxic conditions, typically found at sites of 

inflammation, can extend the lifespan of neutrophils in order to fulfil their 

function effectively (Edwards et al., 2004).  

Key executioners of adaptive immunity come in the form of T-lymphocytes. IL-2 

is required for successful T-cell activation and clonal expansion. Simultaneously 

however, IL-2 can signal MYC, condemning the cell to die (Lenardo, 1991, Shi et 

al., 1992). The extrinsic pathway, through CD95, plays an important role in 

regulating T-cell apoptosis. One hypothesis stipulates that activated T-cells 

upregulate CD95L, and appear to have more efficient intracellular signalling 

when compared to resting T-cells (Zhang et al., 2004, Scaffidi et al., 1999). 

Another hypothesis suggests that neighbouring non-lymphoid tissues upregulate 

CD95 instead and commit suicide due to the absence of growth factors, relying 

critically on BIM (Bonfoco et al., 1998, Pellegrini et al., 2003).  

1.4.3.2 B-cell maturation 

B-lymphocytes are part of the adaptive immune response. B-cell development 

and subsequent maturation is required for maintaining self-tolerance and 

producing antibodies to target threats in the body (Pieper et al., 2013). Two 

processes that are important to producing effective B-cells are the 

recombination of the heavy and light chains on B-cell receptors (BCR), and 
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affinity maturation of antibodies in germinal centres (Merlo and Mandik-Nayak, 

2013). Apoptosis becomes important in eliminating self-reactive B-cell clones 

throughout the development and maturation process (Hartley et al., 1993). As B-

cells mature, activated B-cells proliferate upon BCR engagement and antigen 

presentation. However, excessive cross-linking with BCRs also triggers apoptosis 

(Russell et al., 1991). Apoptosis, as a result of high affinity interactions to 

antigens presented by DCs, can be rescued by co-stimulation provided by T-

helper cells (Liu et al., 1989, Liu et al., 1997). The apoptotic machinery is 

definitely engaged as caspase activation has been detected during negative 

selection of B-cells (Chen et al., 1999). Defective B-cell development and 

maturation results in the development of autoimmune disorders, such as 

systemic lupus erythematous (SLE) (Jacobi and Diamond, 2005). 

1.4.3.3 T-cell development 

Apoptosis is central to the development of fully functional T-lymphocytes. T-cell 

development occurs in the thymus, wherein the selection process is vital for the 

normal homeostasis of T-cells. (Kurd and Robey, 2016). Failure to satisfy either 

the positive or negative selection process triggers apoptosis in immature T-cells. 

Bone marrow derived progenitors travel to the thymus and rely on the 

microenvironment for successful selection and maturation (Germain, 2002). 

Lymphoid progenitor cells undergo a multitude of differentiation steps defined 

by cell surface markers, migrating through the thymus (Zúñiga-Pflücker, 2004). 

The T-cell maturation process goes through positive and negative selection 

stages. Positive selection is a process by which T-cells are selected based on 

their ability to interact with the major histocompatibility (MHC) antigens with 

low affinity, resulting in commitment of the thymocyte to either the CD4 or CD8 

specific lineage (Kisielow et al., 1988, Bevan, 1997, Barton et al., 2002). If a 

thymocyte fails to interact with MHC antigens presented by neighbouring cortical 

epithelial cells and do not receive survival signals, they undergo cell death (von 

Boehmer et al., 1989, Robey and Fowlkes, 1994). Conversely, if an immature T-

cell interacts too strongly with self MHC peptides, acute apoptosis is triggered; 

this is a process known as negative selection (McPhee et al., 1979, Klein et al., 

2014). 
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Through these two selection processes, mature T-cells that are not autoreactive 

and regulatory T-cells are generated (Konkel et al., 2014). Thymocytes that fail 

either positive or negative selection are committed to die. It was discovered 

that negative selection of T-cells relies on TRAIL in the extrinsic apoptotic 

pathway, as TRAIL deficient mice have defective thymocyte apoptosis and 

susceptibility to autoimmune diseases (Lamhamedi-Cherradi et al., 2003). 

However, on the contrary thymocytes expressing a dominant version of adaptor 

protein FADD actually had augmented apoptotic clearance (Newton et al., 1998). 

This raised questions regarding the importance of the intrinsic pathway. Despite 

these contradicting results, the intrinsic apoptotic pathway was also found to be 

crucial for thymocyte selection, implicating BIM in particular (Marsden et al., 

2002). Thus, the thymus is an organ heavily reliant on functional apoptotic 

machinery to create the T-cell repertoire required for efficient immune 

responses (Spits, 2002).  

1.4.3.4 Cells mediating cytotoxicity  

Cytotoxic T-cells (CTLs) and natural killer (NK) cells have the ability to target 

cells for death. CTLs and NK cells target viruses, virally-infected cells and cancer 

cells (Nutt and Huntington, 2019). Two mechanisms mediate this activity – a 

calcium dependent and calcium independent pathway (Feig and Peter, 2007). In 

the calcium dependent pathway, cytolytic protein perforin and serine protease 

Granzyme B are released by the immune cell. In the calcium independent 

pathway, CD95 and CD95L upregulation and release is found on the target cell. 

CTLs only possess the lytic ability once activated and differentiated. On the 

contrary, NK cells can kill target cells spontaneously, but depend on cytokines to 

enhance its lytic ability (Nutt and Huntington, 2019). Target cells engage with 

apoptosis as exposure to CTLs was shown to cause DNA fragmentation (Duke et 

al., 1983). This shows that apoptosis is important for regulating immune 

responses.  

1.4.4 Functions in disease 

As the apoptotic machinery is central for tissue homeostasis, it is expected that 

aberrations in apoptosis and efferocytosis are important in the pathology of 

diseases. Alterations in apoptosis are seen in a multitude of disorders including 
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neurological disorders, cardiovascular diseases, immune disorders and cancer 

(Favaloro et al., 2012). 

1.4.4.1 Defective apoptotic machinery 

The apoptotic machinery fails when cells that are meant to die, evade death or 

when cells that are meant to stay alive, die. The neurodegenerative disorder 

Alzheimer’s disease (AD) is underpinned by the accumulation of amyloid- β (Aβ) 

peptides and hyper-phosphorylation of microtubule-associated protein tau 

(Duyckaerts et al., 2009). This causes the loss of neurons and subsequent 

memory loss. Apoptosis and caspase activation have been implicated in early 

events of the disease, promoting progression and underlying pathology of AD 

(Rohn, 2010). Caspase-3 was found to be activated by the incorrectly cleaved Aβ 

peptides, which subsequently cleaves tau (Gamblin et al., 2003). Inappropriate 

activation of the apoptotic pathway contributes to neuronal death in AD. 

On the flip side, the suppression of apoptosis also leads to autoimmune disease 

and cancer (see below). Overexpression of anti-apoptotic BCL-2 proteins have 

been linked to the development of autoimmune diseases. An underlying 

pathology of SLE in patients, is the increased expression of BCL-2 in T- and B-

lymphocytes (Ohsako et al., 1997). It is thought that this contributes to 

extended survival of self-reactive lymphocytes. Similarly, T-cell apoptosis is 

abrogated due to an increase in BCL-2 proteins in the gastrointestinal 

autoimmune disorder, Crohn’s disease (Ina et al., 1999). Pathogens, such as 

mycobacterium tuberculosis, are also capable of disabling the apoptotic 

machinery. Once inside the cell, M. tuberculosis enhances anti-apoptotic protein 

MCL1 to support the replication of the bacteria before being released and 

infecting additional cells (Sly et al., 2003). These are examples of where 

dysregulation of the apoptotic machinery can result in the development of 

different diseases, depending on the context of enhancement or suppression of 

apoptosis. 

1.4.4.2 Defective cell clearance 

Dysregulations in cell clearance are also important in the development of 

disease, including respiratory disorder, autoimmunity, atherosclerosis and 

cancer (Poon et al., 2014). Impaired phagocytosis is seen in chronic pulmonary 
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disease (COPD) and cystic fibrosis (Hodge et al., 2003, Vandivier et al., 2002). 

The reduced ability to engulf apoptotic cells in these conditions stem from an 

increase in reactive oxygen species (ROS), which subsequently activate RhoA, 

negatively regulating efferocytosis (Tosello-Trampont et al., 2003, McPhillips et 

al., 2007). Severe asthma is an additional respiratory disorder exhibiting 

defective alveolar macrophage phagocytic ability, which is improved when 

steroid therapy is administered (Huynh et al., 2005, Woolley et al., 1996). 

In the autoimmune disease SLE, an accumulation of apoptotic cells in the blood 

and lymph nodes are suggested to be a result of impaired efferocytosis 

(Herrmann et al., 1998). Mice that are deficient in the bridging molecule MFG-E8 

present with SLE-like symptoms of autoantibody production and accrual of 

apoptotic lymphocytes (Hanayama et al., 2004). Deficiencies in the complement 

C1q are also linked to the pathology of SLE (Botto et al., 1998). In 

atherosclerosis, mature lesions are exacerbated by apoptotic cells progressing 

into secondary necrosis from reduced clearance (Schrijvers et al., 2005). These 

examples exemplify the importance of apoptotic cell clearance maintaining 

tissue homeostasis and preventing disease development.  

1.4.5 Apoptosis and cancer 

Apoptosis is central for cancer development, treatment and resistance. Escaping 

programmed cell death is a pillar in tumourigenesis (Hanahan and Weinberg, 

2011). Broadly, there are three ways in which cancer cells can evade apoptosis: 

tipping the balance towards anti-apoptotic proteins, reducing caspase function 

and disrupting signalling of death receptors (Wong, 2011). The overexpression 

and amplification of BCL-2 proteins have been reported in a number of cancer 

types including, but by no means an exhaustive list, BCL-2 in prostate cancer and 

diffuse B-cell lymphoma; and MCL-1 in myeloid cell lymphoma, breast cancer 

and hepatocellular carcinoma (Raffo et al., 1995, Sieghart et al., 2006, 

Campbell et al., 2018, Consortium, 2017). An important regulator of the 

apoptotic machinery, p53, is either inactivated or mutated in human cancers 

(discussed in a later section) (Ling and Wei-Guo, 2006). Additionally, the 

expression of pro-apoptotic proteins IAP, is also found to be dysregulated in 

cancer, including pancreatic cancer (Lopes et al., 2007). These examples 

exemplify how cancer cells tip the scale in favour of anti-apoptotic proteins.  
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Cancer cells also reduce the expression of caspases in order to disarm the 

apoptotic machinery. Samples from breast, ovarian and cervical cancers all gave 

rise to a reduction in the mRNA levels of executioner caspase-3 (Devarajan et 

al., 2002). Furthermore, a reduction in caspase-9 expression was observed in 

patients with stage II colorectal cancer (Shen et al., 2010). This was further 

correlated with poorer prognosis for these patients. Cancer cells can also reduce 

the expression of death receptor CD95, which contributes to treatment 

resistance in leukaemia and neuroblastoma (Friesen et al., 1997, Fulda et al., 

1998). Taken together, cancer cells suppress mechanisms vital in the apoptotic 

process in order to survive. Venetoclax, a drug that mimics BH3 proteins to 

engage and activate the apoptotic pathway, has been approved for the 

treatment of chronic lymphocytic leukaemia (CLL) (Roberts et al., 2016). 

Interestingly, although apoptosis is required to prevent and treat cancer, it can 

paradoxically be viewed as oncogenic (Ichim and Tait, 2016). Cells, such as 

cancer cells, that fail to die despite having the apoptotic process triggered can 

sustain damages contributing to genomic instability (Ichim et al., 2015). This 

shows that apoptosis is central to keeping homeostasis, but can also be exploited 

in order to facilitate tumour progression and formation.  

1.4.5.1 Membrane blebbing and cell clearance in cancer 

Other aspects of the apoptotic process are also altered to aid tumour 

progression. Interestingly, apoptotic membrane blebbing and apoptotic body 

formation play a part in cancer progression. In cells derived from a bladder 

cancer cell line, apoptotic blebs fused with each other to form spherical 

structures (Jinesh et al., 2013). This fusion resulted in spherical structures 

driven by caspase action with a reduction in stem-cell markers. It is suggested 

that these spherical structures are tumourigenic. Furthermore, plasma 

membrane blebbing is linked with increased metastatic capabilities in prostate 

cancer (Khan et al., 2019). Apoptotic cells also package intracellular DNA in 

apoptotic bodies. For example, fibroblasts can uptake and integrate DNA from 

lymphoma derived apoptotic bodies (Holmgren et al., 1999). It has been further 

shown that in fibroblasts lacking p53, integrating oncogenes from apoptotic 

bodies facilitated tumour formation (Bergsmedh et al., 2001). These examples 

show how apoptotic morphology can play a part in facilitating tumour 

development.  
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In addition to apoptosis, cancer cell clearance is also altered during tumour 

development. A shift in the ‘eat-me’ and ‘don’t eat-me’ signals were seen in in 

vivo and human genetic studies (Julian and Olson, 2015). Several human cancers 

including prostate cancer and oesophageal cancer show cells that have reduced 

annexin expressions, an ‘eat-me’ signal (Paweletz et al., 2000). Additionally, 

‘don’t-eat me’ signals such as CD47 are upregulated in lung, breast and prostate 

cancer in order to evade cancer cell clearance (Jaiswal et al., 2009, Chao et al., 

2010, Moreaux et al., 2008). However, certain experimental evidences have 

raised questions regarding whether tumour cells evade tumour cell clearance. 

Two apoptotic ‘eat-me’ signals, PS and calreticulin, were found to be 

upregulated on tumour cells (Chao et al., 2010, Utsugi et al., 1991, Woehlecke 

et al., 2003). Apoptotic cell clearance ensures that apoptotic cells are cleared 

without signalling the immune system. Tumourigenesis however, is driven by 

chronic inflammation (Philip et al., 2004, Lu et al., 2006). Thus two possibilities 

arise from this. The first suggests that defects in apoptotic cell clearance would 

promote an anti-tumour response as there are high levels of cell death in the 

tumour microenvironment (Bondanza et al., 2004). Bondanza et al. showed that 

the inhibition of PS on lymphoma cells actually increase tumour immunogenicity. 

However, tumour development can thrive in an inflammatory milieu and 

inefficient clearance may facilitate the genomic instability and angiogenic 

properties of cancer cells (Lu et al., 2006). This shows that apoptotic cell 

clearance, like apoptosis, is likely to be involved in tumourigenesis.  

1.4.5.2 Immunogenic cell death  

As discussed previously, apoptosis is generally considered an immunologically 

silent process. Furthermore, cancer cells evade tumour surveillance as they 

themselves can mould their immunogenicity by losing the expression of tumour 

specific antigens (Marincola et al., 2000). Loss of immunogenicity as well as 

developing immuno-tolerance and actively suppressing the immune are tactics 

cancer cells use to evade immune attack (Garg et al., 2015). Cells which 

undergo death in stressed conditions can send out signals described previously as 

DAMPs. When there is a chronic exposure of DAMPs, this is known as 

immunogenic cell death (Zhou et al., 2019). Immunogenic cell death (ICD) relies 

on the release of DAMPS which bind to respective pattern recognition receptors 

(PRRs) on antigen presenting cells (APCs) (Ronchetti et al., 1999). APCs include 
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macrophages and dendritic cells. Upon activation by DAMPs, APCs upregulate 

their co-stimulator molecules, such as CD80 and CD86 which can facilitate 

activation of T-cells (Khan et al., 2012). The release of DAMPs and the induction 

of ICD is dependent on endoplasmic reticulum (ER) stress (Vandenabeele et al., 

2016). These series of events activating cytotoxic T-cell activity can be utilised 

for cancer therapy. Anti-cancer drugs, including type I inducers of ICD, indirectly 

targeting the ER to release DAMPs. Type II inducers, including hydrostatic 

pressure and oncolytic viruses on the other hand, target the ER directly 

(Rapoport and Anderson, 2019). Inducing ICD along with chemotherapy can 

enhance the immunogenicity of tumour cells which is an attractive therapeutic 

strategy for cancer (Kroemer et al., 2013). 

1.5 The p53 signalling axis 

A protein central to the apoptotic process and tumourigenesis itself is p53. The 

tumour suppressor p53 is an extensively studied transcription factor implicated 

in a variety of cellular functions including cell cycle arrest, DNA repair, 

apoptosis and senescence (Vousden and Lane, 2007, Kastenhuber and Lowe, 

2017). The structure, regulation and function of p53 and its negative regulator, 

murine double minute (MDM) protein are explored here.  

1.5.1 p53  

When the p53 protein was first discovered, it was initially classified as an 

oncogene (Lane and Crawford, 1979). However, it was later revealed that this 

was actually a mutant form of p53 that was detected and the wild-type p53 

functioned as a tumour suppressor (Finlay et al., 1989). Under normal 

circumstances, p53 activation is vital to preventing uncontrolled proliferation, 

genomic instability, and survival of damaged cells (Vogelstein et al., 2000). A 

variety of cellular stresses, including DNA damage, nutrient deficiencies and 

hypoxia, as well as the expression of oncogenes, can activate and stabilise p53. 

Widely regarded as the ‘guardian of the genome’, p53 is most well known for its 

function as a tumour suppressor in cancer, as a loss of p53 provides cancer cells 

with proliferative advantages (Lane, 1992, Hussain and Harris, 1998). 

Additionally, due to its role in apoptosis, hyper-activation of p53 was discovered 

to be important in other disorders including arthritis, neurodegenerative 
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diseases and ischemia (Fridman and Lowe, 2003, Vousden and Lane, 2007, 

Vousden and Ryan, 2009). The development of disorders suggest that p53 

activity must be heavily regulated to ensure physiological levels and appropriate 

activity.  

1.5.1.1 Structure of p53 

The human p53 protein, encoded by the TP53 gene, is a 393 amino acid protein 

that oligomerises and functions as a tetramer (Clore et al., 1995). At the N-

terminus, there is a transactivation domain (TAD) and proline rich region (PRR), 

followed by a central DNA-binding domain, a flexible linker connecting the 

tetramerisation domain and the extreme C-terminus domain (Figure 1-4) 

(Joerger and Fersht, 2008). Furthermore, p53 contains a nuclear localisation 

sequence (NLS) and nuclear export signal (NES) motifs that allow the shuttling of 

p53 between the cytoplasm and nucleus (Stommel et al., 1999). The TAD is an 

important binding site for proteins related to its transcriptional activity and its 

negative regulation by MDM2 (Lu and Levine, 1995, Gu et al., 1997, Kussie et al., 

1996, Schon et al., 2002). The central DNA binding domain confers the 

specificity for p53 to bind to DNA with the 5’ –‘RRRCWWGYYY’-3’ (R – Arginine; C 

– Cysteine- W – Tryptophan; G – Glycine; Y – Tyrosine) sequence (El-Deiry et al., 

1992). The reversible oligomerisation of four p53 proteins occurs via the 

tetramerisation domain to facilitate the function of p53 (Sakaguchi et al., 1997, 

Veprintsev et al., 2006). The extreme C-terminal region is subject to post-

translational modifications including stabilisation through phosphorylation and 

degradation through ubiquitination (Rodriguez et al., 2000).  

The structure of p53 contributes to its transcriptional regulatory function. The 

tetramerisation of p53 is loose in nature, allowing for other proteins to interact 

with the p53 complex (Tidow et al., 2007). For example, anti-apoptotic and pro-

apoptotic BCL-2 family proteins can interact with p53 in a context-dependent 

manner, implicating p53 in the apoptotic process (Chipuk et al., 2005). 

Disruptions of p53 function can arise due to mutations. As p53 is vital for 

homeostatic functions, it is no surprise that more than 17,000 mutations in the 

TP53 gene, inactivating p53, have been documented in more than 50% of cancer 

cases (Petitjean et al., 2007, Bouaoun et al., 2016). The majority of the 
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mutations found are located in the central DNA binding domain, whilst others 

are found in the tetramerisation domain (Joerger and Fersht, 2008).  

 

Figure 1-4 The primary structure of p53. The p53 protein is a 393 amino acid protein consisting 
of a transactivation domain (TAD), a proline rich region (PRR), a central DNA binding domain 
(DBD), a tetramerisation domain (TET) and an extreme c-terminus (C-term) domain. The TAD 
domain at the N-terminus can bind and interact with proteins. The DBD facilitates the 
transcriptional regulatory function of p53. The TET domain allows p53 to oligomerise and form a 
tetramer in order to be fully functional. The extreme c-terminus is subject to post-translational 
modifications that can regulate p53 activity. Figure adapted from (Joerger and Fersht, 2008).  

1.5.1.2 Regulation of p53 

In normal unstressed cells, p53 levels are kept low to negate the anti-

proliferative effects of p53 during development and homeostasis (Vousden and 

Lane, 2007). The negative regulation of p53 in a cell are carried out in three 

stages – regulation of stability, activity and localisation. Stability of the p53 

protein is determined by the nature of the post-translational modifications on 

the protein (Kruse and Gu, 2008). The stabilisation of p53 is dependent on the E3 

ubiquitin ligase MDM2. The levels of p53 in an unstressed cell is tightly 

controlled primarily by MDM2, facilitating ubiquitination and subsequent 

proteasomal degradation of p53 (Haupt et al., 1997). In the absence of MDM2, 

other E3 ligases including constitutive photomorphogenesis protein 1 (COP1) and 

p53-induced RING-H2 protein (Pirh2) can regulated p53 (Dornan et al., 2004, 

Leng et al., 2003). MDM2 can navigate p53 to both nuclear and cytoplasmic 26S 

proteasomes for degradation (Haupt et al., 1997). The ubiquitination-dependent 

degradation of p53 generally takes place in the cytoplasm (Kubbutat et al., 

1997). MDM2 can further inhibit p53 transcriptional activity in the nucleus by 

forming a complex with p53 (Thut et al., 1997). This form of inhibition can also 

be achieved by MDM2 homolog, MDM4 (Francoz et al., 2006). MDM2 and p53 are 

linked in a negative feedback loop to regulate the levels of p53 (Figure 1-5) 

(discussed in a later section).  
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A crucial step of p53 stabilisation is the phosphorylation of residues by a variety 

of kinases including ataxia-telangiectasia mutated (ATM), ataxia telangiectasia 

and Rad3 related (ATR), checkpoint kinase (CHK) 1, and CHK2 (Kruse and Gu, 

2009). It is speculated that the phosphorylation of residues on the TAD of p53 

prohibits the interaction of negative regulator MDM2 with p53 (Appella and 

Anderson, 2001). Knock-in mutations in in vivo studies revealed that 

phosphorylation-induced stabilisation was important in DNA-damage induced 

apoptotic conditions (Chao et al., 2006). However, other studies have suggested 

that p53 can be activated regardless of phosphorylation status (Ashcroft et al., 

1999, Ashcroft et al., 2000). Acetylation has also been shown to be important in 

stabilising and increasing p53 levels (Wang et al., 2004). The acetylation at the 

C-terminus of p53 blocks MDM2-mediated ubiquitination and degradation. 

Furthermore, phosphorylation and acetylation of p53 are highly increased upon 

exposure to cellular stresses which stabilises and activates p53 (Sakaguchi et al., 

1998). This highlights the inverse relationship between acetylation and 

phosphorylation with ubiquitination in regulating p53.  

The localisation of p53 is also important as it determines what functions p53 can 

carry out. Three models have been proposed regarding the shuttling of p53. The 

first model suggests that p53 binds to MDM2 in the nucleus, which promotes the 

export of p53-MDM2 into the cytoplasm (Tao and Levine, 1999). A second model 

has suggested that MDM2-ubiquitination of p53 is essential for its nuclear export 

(Boyd et al., 2000). A third model has stipulated that p53 can exit the nucleus 

independent of MDM2 (Stommel et al., 1999). There is increasing evidence to 

support that mono-ubiquitination of p53 by MDM2 promotes nuclear export, 

which is in contrast with poly-ubiquitination which commits p53 for degradation 

(Li et al., 2003). It is apparent that regulating p53 involves a complex network to 

ensure normal cellular functions can take place. 
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Figure 1-5 The p53-MDM2 regulatory feedback loop. The upregulation of p53 from cellular 
stresses induces the transcription of MDM2. The MDM2 protein can bind to p53 and inhibit its 
transcription activity. MDM2 can also facilitate shuttling p53 into the cytoplasm and the 
ubiquitination of p53. The ubiquitination promotes the proteosomal degradation of p53. This figure 
is adapted from (Nag et al., 2013). This figure was made using contents from Servier Medical Art, 
under the Creative Commons Attribution 3.0 Unported License. https://smart.servier.com/ 

 

1.5.2 Functions of p53 

The p53 protein has both nuclear and cytoplasmic functions. Broadly, p53 is 

involved in a variety of cellular functions including apoptosis, autophagy, 

senescence, cell-cycle arrest and metabolism (Figure 1-6) (Brady and Attardi, 

2010). The apoptotic and tumour suppressive functions are discussed below. 

https://smart.servier.com/
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Figure 1-6 Activation and functions of p53. The p53 protein can be activated by many cellular 
stresses including outlined on the left. The activation of p53 then results in one or more of its 
cellular functions including apoptosis, senescence, autophagy, metabolism, DNA repair, cycle 
arrest and the negative regulation of p53 activation itself. Examples of p53-mediated target gene 
transcription relative to its functions are shown in the boxes. Apoptotic and senescent functions 
(shown in the shaded boxes) of p53 are irreversible responses whereas other p53 functions are 
reversible. Figure adapted from (Brady and Attardi, 2010). This figure was made using contents 
from Servier Medical Art, under the Creative Commons Attribution 3.0 Unported License. 
https://smart.servier.com/ 

1.5.2.1 Apoptotic functions of p53 

In response to severe cellular stresses, p53 can induce irreversible apoptosis 

through both its transcriptional activity and its cytoplasmic activity. Both the 

intrinsic and extrinsic pathways of apoptosis can be triggered by p53 activation, 

although there is a skew towards the intrinsic pathway (Vousden and Lane, 

2007). The activation of p53 leads to the upregulation of pro-apoptotic gene 

transcription including FAS, a death receptor in the extrinsic pathway, pro-

apoptotic BCL-2 proteins BAX, PUMA and NOXA, and intrinsic apoptosome protein 

APAF-1 (Brady and Attardi, 2010). PUMA was revealed to be critical for p53-

mediated apoptosis as cells from PUMA deficient mice are resistant to γ-

irradiation in vivo (Jeffers et al., 2003). A loss of both PUMA and NOXA conferred 

resistance to radiation as well, however, studies have alluded to PUMA as a more 

vital mediator than NOXA in p53-mediated apoptosis (Michalak et al., 2008, 

Villunger et al., 2003). Additional p53 target genes include microRNAs. In 

respect to apoptosis, p53 can upregulate the expression of miR-34 which 
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subsequently targets pro-apoptotic BCL-2 proteins for degradation (Bommer et 

al., 2007). 

Once in the cytoplasm, PUMA binds to the anti-apoptotic protein BCL-XL, 

allowing anti-apoptotic proteins BAX and BAK to form pores on the mitochondria 

(Chipuk et al., 2005). NOXA on the other hand binds to pro-apoptotic MCL-1, 

triggering the degradation of MCL-1 (Chen et al., 2005, Kuwana et al., 2005). 

Cellular stresses can also induce p53 translocation into the mitochondria, 

displacing MCL-1 from BAK on the mitochondria (Sykes et al., 2006). Thus, p53 

can mediate apoptosis through its transcriptional and cytoplasmic functions 

(Fridman and Lowe, 2003).  

1.5.2.2 Tumour suppressor functions of p53 

The tumour suppressor p53 has been rightfully named due to its importance in 

sensing and responding to cellular stresses to prevent the propagation of 

damaged cells. Inactivation of p53 contributes the many hallmarks of cancer 

(Hanahan and Weinberg, 2011). There are however debates regarding which of 

the p53 functions are more important in perturbing tumourigenesis (Aubrey et 

al., 2016). Despite this, it is apparent that cooperation between multiple 

functions of p53 is required for its tumour suppressing functions. Apoptosis was 

discovered as one of the first tumour suppressing functions of p53 as apoptosis 

ensures that dysfunctional cells do not survive (Yonish-Rouach et al., 1991)  

DNA damage repair and cell cycle arrest are two further functions of p53 that 

contribute tumour suppression. The p53 protein is crucial for both the acute and 

long-term response to DNA damage. Proteins involved in different repair 

mechanisms, including mismatch repair, nucleotide excision and base excision 

repair, interact with and are modulated by p53 (Sengupta and Harris, 2005). The 

p53 protein can upregulate the transcription of DNA repair proteins including 

MSH2 and DDB2 (Aubrey et al., 2016). Cells undergo transient cell cycle arrest to 

allow DNA repair, after which p53 is involved in checkpoint control to maintain 

genomic integrity (Barboza et al., 2006). This involves the upregulation of p21, a 

cyclin dependent kinase inhibitor, amongst others to halt cell cycle progression 

(Brugarolas et al., 1995). Together, p53 helps maintain genomic stability and 

integrity, as cancer cells fail to repair DNA-damage resulting in accrual of 



Chapter 1  32 

mutations in the absence of p53 (Hanahan and Weinberg, 2011). A number of 

experimental studies more recently have suggested that the acute DNA-damage 

responses mediated by p53 is not important for tumour suppression (Brady et al., 

2011, Li et al., 2012). Despite this, p53 is still deemed important in DNA-

damage, particularly when the acquisition of mutations can result in the 

inappropriate activation of oncogenes and the accumulation of DNA lesions from 

abnormal proliferation (Aubrey et al., 2016). 

In addition to these functions, p53 mediated cellular senescence and metabolic 

regulation also contribute to the suppression of tumour formation. A number of 

p53 transcriptional target genes regulate senescence including p21, which was 

shown to be important in preventing malignant transformation of cells (Dankort 

et al., 2007). The p53 protein is important in maintaining homeostatic metabolic 

activities and responding to metabolic stresses (Berkers et al., 2013). Activating 

p53 promotes oxidative phosphorylation, which opposes the metabolic 

reprogramming towards glycolysis seen in cancer cells (Aubrey et al., 2016). This 

is done not only through the reduction of glucose transporters expression, but 

also through inhibition of glycolysis by the TP53-induced glycolysis and apoptosis 

regulator gene (TIGAR) (Schwartzenberg-Bar-Yoseph et al., 2004, Bensaad et al., 

2006). Taken together, p53 functions are vital in order to maintain the integrity 

of a cell and hamper tumour formation.  

1.5.3 MDM2 

The murine MDMD2 protein was first discovered amplified in a transformed 

mouse cell line (Fakharzadeh et al., 1991, Cahilly-Snyder et al., 1987). There are 

three MDM genes, MDM1, MDM2, MDM3, identified on extrachromosomal nuclear 

bodies known as double minute. Similarly, three human MDM (also referred to as 

HDM) proteins have been identified, MDM1, MDM2 and MDM3 (Oliner et al., 

1992). MDM1 and MDM3 are poorly understood. It was only more recently that 

MDM1 was identified as a binding protein of microtubules, regulating centriole 

duplication (Van de Mark et al., 2015). On the other hand MDM2 and its 

homologue MDM4 (MDMX) have been extensively studied as negative regulators 

of p53 (Mendoza et al., 2014). 



Chapter 1  33 

1.5.3.1 Structure and function of MDM2 

MDM2 is a 491 amino acid sequence encoding a protein that functions as an E3 

ubiquitin ligase (Honda et al., 1997). The ubiquitination process relies on the E1, 

E2 and E3 proteins (Yang and Yu, 2003). Ubiquitin is transferred from E1 to E2, 

E2 to E3, and finally ligased onto a substrate from the E3 protein (Callis, 2014). 

The role of MDM2 is to ubiquitinate lysine residues of p53 at its C-terminus 

(Nakamura et al., 2000). MDM2 can also ubiquitinate itself (Fang et al., 2000, 

Honda and Yasuda, 2000). The functions of MDM2 are possible due to specific 

motifs found on the protein. At the N-terminal, MDM2 contains a p53 binding 

domain, followed by the NLS and NES domains, an acidic domain, zinc finger 

domain and a really interesting gene (RING)-finger domain at the C-terminus 

(Figure 1-7) (Iwakuma and Lozano, 2003). Additionally, within the RING domain, 

there is a nucleolar localisation signal (NoLS). The p53 binding domain allows 

MDM2 to bind to p53 and the RING-finger domain is required for the E3 ligase 

activity. The NLS and NES domains permit MDM2 to shuttle in and out of the 

nucleus to carry out its function. As discussed in the previous section, MDM2 

tightly regulates p53 on multiple levels, including ubiquitination for degradation, 

shuttling of p53 back and forth between the cytoplasm and nucleus, and binding 

directly to p53 to inhibit its transcriptional function. These functions are carried 

out by the full length isoform of MDM2 (Iwakuma and Lozano, 2003). 

Two isoforms of the protein can be generated – a full length p90 protein and a 

shorter p76 protein (Olson et al., 1993). Both isoforms are found in the 

cytoplasm and the nucleus. The p76 isoform does not contain the p53 binding 

domain, as such overexpression of the shorter isoform can antagonise the p90 

isoform (Perry et al., 2000). Additional splice variants, including MDM2-A and 

MDM2-B in humans, are shorter forms of MDM2 that do not contain the p53 

binding motif (Evans et al., 2001). There are speculations regarding the roles of 

the splice variants, however, it is still relatively unclear what they do (Iwakuma 

and Lozano, 2003).  

Similar to MDM2, the homolog MDMX (also known as MDM4) contain the same 

sequence domain except the NLS, NES and NoLS domains (Figure 1-7) (Toledo 

and Wahl, 2007). However, despite containing the RING finger domain, MDM4 is 

catalytically inactivate and does not function as an E3 ligase (Linares et al., 
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2003). MDM4 can form a heterodimer with MDM2, interacting at the RING finger 

domain and enhancing MDM2 ligase activity (Parant et al., 2001, Migliorini et al., 

2002, Uldrijan et al., 2007). MDM2 can form a homodimer with itself, however 

studies have suggested that the heterodimer forms are more stable (Tanimura et 

al., 1999). Dimerisation of MDM2 is required for its function. MDM4 can bind and 

negatively regulate p53, independently from MDM2 (Francoz et al., 2006).  

The importance of MDM2 and MDM4 in regulating p53 is exemplified by genetic 

studies. Both MDM2 and MDM4 deficiencies in vivo are embryonically lethal, both 

of which are rescued when there is a simultaneous loss of p53 (Montes de Oca 

Luna et al., 1995, Migliorini et al., 2002, Jones et al., 1995). Experimental 

studies have further suggested that there are subtle differences between the 

functions of MDM2 and MDM4. The loss of MDMD4 was due to an absence in cell 

proliferation and not the induction of apoptosis (Parant et al., 2001). Whereas 

MDM2 deficiency resulted in embryonic lethality due to uncontrolled p53-

induced cell death (Montes de Oca Luna et al., 1995, Jones et al., 1995). 

 

Figure 1-7 Structure of the MDM proteins. The MDM2 and MDM4 (MDMX) proteins are similar in 
their structure. Both contain a p53 binding domain (BD), acidic domain, zinc finger (Zn) domain, 
and RING finger domain. The MDM2 protein has additional nuclear localisation signal (NLS), 
nuclear export signal (NES) and nucleolar localisation signal (NoLS), which is absent in MDM4. 

1.5.3.2 Regulation of MDM2 

The regulation of MDM2 occurs at both the genetic level and the protein level. 

The MDM2 gene itself contains twelve exons and two promoter regions (Figure 

1-8). The two promoters, P1 and P2, are important in regulating the 

transcription of the gene. The P1 promoter regulates basal expression of MDM2 

independently of p53, whilst the P2 promoter regulates inducible expression 
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generally driven by p53 (Zauberman et al., 1995, Barak et al., 1994, Jones et 

al., 1996). Similarly, MDM4 also contains two promoters, whereby P1 drives 

constitutive expression and P2 is p53-responsive (Haupt et al., 2019). In both 

cases, translation of transcripts from the P2 promoter is more efficient from 

transcripts from the P1 promoter (Landers et al., 1997). MDM2 P1 transcripts 

begin at exon 1 and skip exon 2 while P2-transcripts start from exon 2. Both 

however, have exon 3 to 12 in common. It is thought that the presence of two 

short upstream open reading frames found in exon 1 contribute to the 

inefficiency of P1-transcript translation (Jin et al., 2003). 

A few regulators of the P1 promoter have been identified including NFκB and 

PTEN (Riley and Lozano, 2012). NFκB binds to the NFκB binding site on the P1 

promoter to enhance the expression of MDM2 (Busuttil et al., 2010). On the 

contrary, PTEN negatively regulates the expression of MDM2 through a 

transcription factor that is currently unknown (Chang et al., 2004). The p53 

protein binds to p53 response elements at the P2 promoter (Barak et al., 1994, 

Juven et al., 1993). This facilitates the feedback loop between MDM2 and p53 

(Figure 1-5). For example, DNA damage increases p53 levels leading to enhanced 

MDM2 transcription, leading to a subsequent reduction in p53 levels (Perry et 

al., 1993). This feedback loop keeps p53 activity in check. Additional proteins 

have demonstrated the ability to regulate MDM2 transcription via the P2 

promoter. MDM2 levels can be enhanced by the binding of transcription factors 

Fli-1 Proto-Oncogene (Fli- 1), ETS transcription Factor and myeloid elf-1 like 

factor (MEF) (Truong et al., 2005); SMAD3/4 downstream of transforming growth 

factor β (TGFβ) signalling (Araki et al., 2010), and MYC (Slack et al., 2005). 

Post-transcriptional and post-translational modifications are also important in 

regulating MDM2 expression and function. Post-transcriptionally, the oncogene 

BCR-ABL can upregulate MDM2 by enhancing the translation of MDM2 (Trotta et 

al., 2003). Post-translational modifications of MDM2 have a greater impact on 

MDM2 function. The phosphorylation status of MDM2 alters its stability and 

function (Lozano, 2012). Phosphorylation of MDM2 by ATM, the kinase involved in 

stabilising p53 through phosphorylation, disrupts the ability of MDM2 to promote 

p53 translocation into the cytoplasm (Maya et al., 2001). This stabilises p53. This 

phosphorylation can be removed by the Wild-type p53-induced phosphatase 

(Wip1), a p53 target gene, in order to re-stabilise MDM2 and promote p53 for 
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degradation (Lu et al., 2007). This is another example of how p53 negatively 

regulates its own activity. Ubiquitination is another important post-translational 

modification regulating MDM2 activity and stability. The Herpesvirus-associated 

ubiquitin-specific protease (HAUSP) and the death domain-associated protein 

(Daxx) regulate MDM2 through ubiquitination (Lozano, 2012). Both HAUSP and 

Daxx prevent MDM2 auto-ubiquitination, and subsequent degradation of MDM2, 

in order to stabilise MDM2 and promote p53 degradation (Cummins and 

Vogelstein, 2004, Tang et al., 2006). 

Another important regulator of MDM2 is p14ARF (Nag et al., 2013). The p14ARF 

protein is regarded as a tumour suppressor that sequesters MDM2 in the 

nucleolus (Kamijo et al., 1998, Weber et al., 2000, Sherr et al., 2005). This 

disrupts the function of MDM2, rending p53 stable, and promotes the 

degradation of MDM2. Oncogenic signalling activate p14ARF to suppress MDM2 

activity and stabilise p53 (Pomerantz et al., 1998). The regulation of MDM2 

expression has a knock-on effect on p53 stability and activity and thus must be 

tightly regulated to ensure homeostatic functions of p53. 

 

Figure 1-8 Transcriptional regulation of MDM genes. MDM2 and MDM4 genes have 2 
promoters, the P1 and P2 promoter. The P1 promoter drives constitutive expression of MDM2 
whilst the P2 promoter is inducible. NFκB and PTEN can induce MDM2 transcription from the P1 
promoter. Transcription factors, including Fli-1, MEF, SMAD3 and MYC, can regulate P2-MDM2 
transcription. The p53 protein can also initiate MDM2 and MDM4 expression via the responsive 
element (RE). The start codon (ATG) begins at exon 3 and 2 for MDM2 and MDM4 respectively. 

 



Chapter 1  37 

1.5.4 The p53-MDM2 signalling axis in disease 

The p53-MDM2 signalling axis is important for maintaining cellular functions and 

prevent the expansion of dysfunctional cells. Evidence of dysregulation in the 

p53-MDM2 signalling axis is evident in disease, including neurodegenerative 

disease and cancer (Chang et al., 2012, Karni-Schmidt et al., 2016). The role of 

the p53-MDM2 signalling axis in cancer is explored here. 

1.5.4.1 The p53-MDM2 signalling axis in cancer 

Aberrations in p53 functions have linked to multiple hallmarks of cancer 

including evading cell death, uncontrolled proliferation, genomic instability and 

alterations in metabolic activity (Vousden and Lane, 2007). The p53 protein is 

either mutated or inactivated in over 50% of human cancers (Hollstein et al., 

1994, Ozaki and Nakagawara, 2011, Perri et al., 2016). This is further 

exemplified in p53 deficient mouse models developing spontaneous tumours 

(Donehower et al., 1992). Mutations in germline TP53 gene cause the Li 

Fraumeni syndrome, a disorder characterised by a predisposition to developing 

cancer (Malkin et al., 1990). Cancers harbouring mutations in p53 are generally 

missense mutations which occur in the DNA binding domain, altering the 

transcriptional ability of p53 (Mantovani et al., 2019). Four hotspot mutations in 

the DNA binding domain, R249, R175H, R248W, R273H, are the most 

predominant mutations in human cancers (Hollstein et al., 1994).  

Mutations can be classified as a gain of function or loss of function mutations (Ko 

and Prives, 1996). Gain of function mutations provide a selective advantage for 

cancer. For example, mutations in p53 can increase genomic instability and 

accumulation of mutations by promoting aberrant mitosis and check point 

control processes (Gualberto et al., 1998, Murphy et al., 2000). Overexpression 

of mutant p53 can also confer proliferative effects and resistance to apoptosis 

(Oren and Rotter, 2010). Certain mutations in p53 can also exert a dominant 

negative effect on the wild-type p53 (Willis et al., 2004). Mutant p53 proteins 

can form tetramers with wild-type p53, forming a complex that abrogates DNA 

binding ability. Furthermore, mutations in p53 can confer stability, prolonging 

the half-life of the protein from 20 minutes to 2 to 12 hours (Crawford et al., 

1984, Cattoretti et al., 1988).  
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Inactivation of p53 in cancers can be achieved by upregulation of MDM2 (Oliner 

et al., 2016, Senturk and Manfredi, 2012). MDM2 amplification has been 

detected in a variety of human cancers including sarcomas (Oliner et al., 1992, 

Momand et al., 1998). In vivo models of MDM2 overexpression developed 

spontaneous tumours at an accelerated rate, but slower than p53 null mice 

(McDonnell et al., 1999). When MDM2 overexpression was combined with a loss 

of p53, tumour latency was similar to p53 null mice. In addition to MDM2, the 

loss of a locus on the ARF gene, epigenetic inactivation of ARF and mutations on 

ARF are frequently observed phenomena in cancer (Ko et al., 2018, Gil and 

Peters, 2006). Inactivation of ARF allows enhanced MDM2 activity and 

subsequent suppression of p53. These alterations in a cell mentioned are 

preferable environments for cancer.  

Many therapeutic interventions have been and are developed to target the p53-

MDM2 signalling axis. One of the most well developed inhibitors is the MDM2 

antagonist Nutlin3a, which disrupts the binding of MDM2 and p53 (Vassilev et al., 

2004). A Nutlin derivative, RG7112 has progressed into clinical trials 

(ClinicalTrials.gov Identifier: NCT00623870). Nutlin and nutlin derivatives are at 

risk of toxicities and are not as effective in cancers harbouring p53 mutations as 

this treatment aims to stabilise p53 (Wade et al., 2013). Other strategies for 

targeting p53 include stabilising the DNA binding domain of mutant p53, 

reinstating and reactivating the wild—type function of p53 in mutant p53 cases 

and gene therapy to enhance p53 levels (Roth et al., 1996, Boeckler et al., 2008, 

Cheok and Lane, 2017, Suzuki and Matsubara, 2011). It is clear that p53 is vital 

for homeostatic cellular functions, relying on apoptosis to eliminate 

dysfunctional cells. Thus, researching and developing therapeutic interventions 

that can enhance the function of p53 is important in the fight against cancer.  

1.6 Rho-associated coiled-coil containing kinase (ROCK) 

Another important protein family mediating changes during the apoptotic 

process are the effector kinases, the rho-associated coiled-coiled containing 

kinases (ROCKs). The structure, regulation, functions and current status of 

inhibitors are explored below. 
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1.6.1 Rho GTPases 

Rho GTPases are monomeric proteins belonging to the Ras superfamily (Etienne-

Manneville and Hall, 2002). Rho GTPases cycle between states of activation, 

bound to guanine triphosphate (GTP) facilitated by guanine exchange factors 

(GEFs), and inactivation, through the hydrolysis of GTP to guanine diphosphate 

(GDP) by GTPases-activating proteins (GAPS). Additional regulation of Rho 

GTPases are achieved by guanine nucleotide dissociation inhibitors (GDI) that 

sequester the inactivated protein in the cytosol (Haga and Ridley, 2016, Guan et 

al., 2013). Thus, Rho GTPases act as molecular switches responsible for 

controlling a variety of cellular processes involving the actin cytoskeleton, such 

as cell migration (Sadok and Marshall, 2014). Rho GTPases can be activated 

through a variety of ways. Receptor tyrosine kinases, GPCRs, cytokines and 

integrins are all capable of activating Rho GTPases through the activation of 

GEFs (Hartmann et al., 2015). There are 20 members of the Rho GTPases, 

including Rho, Rac and Cdc42, which interact with over 60 known effector 

downstream proteins (Feng et al., 2016). One of the most well characterised 

downstream effectors of Rho GTPases are ROCK proteins (Nakagawa et al., 1996, 

Ishizaki et al., 1996). 

1.6.2 ROCK  

ROCK proteins are serine/threonine kinases responsible for the phosphorylation 

of downstream targets. As such, ROCK has been extensively characterised, 

revealing its importance in a number of biological processes including cell 

migration, proliferation, adhesion, contraction and apoptosis (Kim and Ayata, 

2017). Two isoforms of the serine/threonine kinase ROCK have been identified – 

ROCK1 (ROKβ) and ROCK2 (ROKα). Apart from these two main mammalian 

homologues, variations of ROCK1 and ROCK2 have also been discovered. Both 

ROCK1 and ROCK2 belong to the AGC (protein kinase A/protein kinase G/protein 

kinase C) family (Ishizaki et al., 1996, Nakagawa et al., 1996).  

ROCK1 and ROCK2 are ubiquitously expressed, however, there are differences in 

expression levels in different tissues. Higher levels of ROCK1 have been observed 

in lung, spleen, blood and thymus, whilst higher levels of ROCK2 are found in the 

brain, muscle and heart (Liu et al., 2008). Localisation of ROCK1 and ROCK2 are 
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largely dependent on the cell type (Hartmann et al., 2015). ROCK1 has been 

shown to localise predominantly in the cytoplasm (Iizuka et al., 2012). However, 

additional studies have also shown that ROCK1 can localise to the plasma 

membrane, vesicles, cell adhesion sites and centrosomes (Chevrier et al., 2002, 

Glyn et al., 2003, Stroeken et al., 2006). The subcellular localisation of ROCK2 

has been better characterised than ROCK1. There are evidences supporting both 

cytosolic and nuclear localisation, as well as associations with actin, vimentin, 

stress fibres and centrosomes (Leung et al., 1995, Matsui et al., 1996, Tanaka et 

al., 2006, Ma et al., 2006, Kawabata et al., 2004, Katoh et al., 2001). 

Additionally, ROCK2 has been shown to localise in the cleavage furrows of cells 

undergoing mitosis (Inada et al., 1999, Kosako et al., 1999).  

1.6.2.1 Structure of ROCK proteins 

ROCK1, a 1354 amino acid protein, and ROCK2, a 1388 amino acid protein, both 

contain 33 exons and are located on chromosome 18 (18q11.1) and chromosome 

2 (2p24) respectively (Julian and Olson, 2014). The variant of ROCK1, Little 

Rock, is the product of an inversed pseudogene on chromosome 18 (18p11.32) 

found mainly in vascular smooth muscle cells (Montefusco et al., 2010). The 

variant of ROCK2, ROCK2m, is a splice variant with an additional exon, found 

mainly in the skeletal muscle (Pelosi et al., 2007). The functions of these 

variants however still need to be determined. ROCK1 and ROCK2 are homologues 

that share 64% of their amino acid sequence, with a 92% homology in the kinase 

domain itself (Nakagawa et al., 1996). Both ROCK1 and ROCK2 contain the kinase 

domain on the N terminus, followed by a coiled-coiled α-helix region, and a 

Pleckstrin homology (PH) domain that is separated by a cysteine rich zinc finger 

like domain (CRD) at the C-terminus (Samuel and Olson, 2010). These 160kDa 

proteins contain a canonical Rho binding domain (RBD) for Rho GTPases, 

including RhoA, RhoB and RhoC, that is situated within the coiled-coiled domain. 

Other binding sites for additional regulatory proteins including RhoE, Rad and 

Gem, are situated near the canonical RBD. Additional RhoA binding sites have 

been reported in the coiled-coiled domain, stipulated to enhance binding of Rho 

GTPases (Blumenstein and Ahmadian, 2004). The ROCK proteins also contain 

cleavage sites that contribute to their function. ROCK1 contains a caspase-3 

cleavage site whilst ROCK2 contains a Granzyme B cleavage site (Figure 1-9) 

(Coleman et al., 2001, Sebbagh et al., 2001, Sebbagh et al., 2005). This caspase-
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3 cleavage site on ROCK1 is conserved across species in mammals (Chang et al., 

2006). 

Both ROCK proteins require the extension segments at both the N- and C-

terminus ends as well as the catalytic domain to function. Crystal studies have 

revealed that extensions on either side of the catalytic domain on the N-

terminal forms a head-to-head homodimer (Jacobs et al., 2006, Yamaguchi et 

al., 2006). The CRD and PH domains on the C-terminus on the other hand, 

remains monomeric (Wen et al., 2008). ROCK proteins themselves exist in dimers 

in an active form, whereby the Rho-binding regions on the coiled-coiled domain 

remain in parallel with each other (Dvorsky et al., 2004, Shimizu et al., 2003) 

(Figure 1-9). As part of the AGC kinase family, ROCK proteins show similarities in 

their primary and high-degree tertiary structures to other family members 

including dystrophia myotonica protein kinase (DMPK), myotonic dystrophy 

kinase related-Cdc42 related kinases (MRCK), protein kinase C (PKC), and protein 

kinase B (PKB/AKT) (Julian and Olson, 2014). Unlike the other AGC kinases, 

ROCK1 and ROCK2 do not contain the phosphorylation modifications at the 

activation loop or hydrophobic motif at the C-terminal when active (Yamaguchi 

et al., 2006). These crystal structures have been invaluable in shedding light on 

the structure of both ROCK proteins. 
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Figure 1-9 Structure of ROCK isoforms. A. Representation of the primary structure of ROCK1 
and ROCK2. Both ROCK proteins contain a kinase domain (K) at the N-terminus, a coiled-coiled 
domain containing additional binding sites (signified with a B), a Rho binding domain (RBD), and a 
Pleckstrin homology (PH) domain separated by a cysteine rich domain (CRD) at the C-terminus. 
(figure adapted from (Julian and Olson, 2014)) B. Predicted ROCK structure based on 
crystallography experiments. The C-terminal PH and CRD domains form homodimers, while the 
coiled-coil regions dimerise in parallel (figure adapted from (Yamaguchi et al., 2006, Amano et al., 
2010). 

1.6.2.2 Conformation of ROCK proteins 

Although much has been discovered regarding the structure of ROCK, there are 

still unclear areas regarding the conformation of the protein itself. Two models 

have been proposed (Figure 1-10). Initially, early studies suggest that ROCK 

preferentially existed in an inactive conformation. The kinase activity is 

inhibited through the protein folding onto itself, with the C- and N- terminals 

interacting with each other (Jacobs et al., 2006, Yamaguchi et al., 2006). The 

protein is thought to unfold upon activation, revealing the kinase domain and 

allowing the protein to phosphorylate downstream proteins. A more recent study 

looking at ROCK2, has suggested that the kinase remains in a constitutively 

active state. The constitutively active dimer remains anchored in the plasma 

membrane via its C terminal PH and CRD domains and remain in place with the 

help of scaffolding proteins such as Shroom (Truebestein et al., 2015). 

Trubestein et al further propose that ROCK activity is controlled by the length of 

the coiled-coil domain, not by Rho GTPase binding, phosphorylation, or binding 

to the plasma membrane itself. Instead, the length of the coiled-coil domain 

allows ROCK to act as a molecular ruler, positioning itself near to and engaging 
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its substrates. The length of the coiled-coil region is thought to be the important 

factor, as ROCK2 proteins with shorter coiled-coil regions despite being active 

showed an inability to interact with substrates and subsequent cytoskeletal 

defects. The mechanism as to how the kinase engages with its substrate is still 

unclear. How Rho GTPases interact with ROCK or how cleavage of ROCK affects 

the localisation and interaction with its downstream substrates is still unknown 

in this second model.  

 

Figure 1-10 ROCK conformation models. Two models have been proposed for the conformation 
of ROCK. A). Early studies suggest that ROCK, in its inactive state, is folded on itself. The N- and 
C-terminals interact with each other, hiding the kinase domain. Once activated, either in a Rho-
dependent or Rho-independent fashion via cleavage by caspase-3 or granzyme B, the 
conformation of ROCK changes. The auto-inhibitory mechanism is disrupted, freeing up the kinase 
domain for downstream phosphorylation of its targets. Figure adapted from (Julian and Olson, 
2014). B). More recent studies propose that ROCK proteins are tethered the plasma membrane 
itself via the PH and CRD domains. The coiled-coil domain acts as a molecular ruler, allowing 
interaction between the kinase and its substrate for phosphorylation. However, it is unclear how 
Rho binding and cleavage of ROCK fits in with this model. Figure adapted from (Truebestein et al., 
2015). This figure was made using contents from Servier Medical Art, under the Creative 
Commons Attribution 3.0 Unported License. https://smart.servier.com/ 
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1.6.2.3 Regulation of ROCK proteins 

There are some similarities in the regulation of ROCK1 and ROCK2 owing to the 

overlap in their structure, whilst other modes of regulation are unique to each 

kinase. The most well documented mode of activation of ROCK is through the 

Rho GTPases. GTP-loaded RhoA and RhoC are quintessential activators, binding 

the RBD on the coiled-coil region on ROCK to trigger kinase activity (Ishizaki et 

al., 1996, Leung et al., 1996, Nakagawa et al., 1996, Matsui et al., 1996). 

Interacting with Rho GTPases on other binding sites on the coiled-coil domain 

can result in repression of ROCK activity. In particular, RhoE, Rad1 and GEM are 

known to inhibit ROCK activity (Ward et al., 2002, Riento et al., 2003, Komander 

et al., 2008). GEM and RhoE have been shown to bind to ROCK1 only, whilst Rad1 

to ROCK2 only. RhoE binding towards to the N-terminus of the coiled-coil domain 

obstructs binding of activating Rho-GTPases. However, phosphoinositide 

dependent kinase 1 (PDK-1) has been reported to bind directly to ROCK1, 

competing with RhoE, and releasing ROCK1 from Rho-mediated inhibition (Pinner 

and Sahai, 2008).  

In addition to Rho-dependent interactions, Rho-independent means can also 

regulate ROCK activity. The cleavage of ROCK proteins during apoptosis is an 

important regulator of its activity. ROCK1 is cleaved by caspase-3 in apoptotic 

cells, whilst ROCK2 is cleaved by Granzyme B, predominantly in natural killer 

and cytotoxic T-cells (Coleman et al., 2001, Sebbagh et al., 2001, Sebbagh et 

al., 2005). Severing the C-terminus constitutively activates ROCK, allowing 

downstream phosphorylation of its substrates. Other molecules, such as lipid 

mediators are able to regulate ROCK activity. Arachidonic acid (AA) can interact 

with ROCK via its C-terminus, while sphingosylphosphorylcholeine (SPC) can 

promote translocation of ROCK to the plasma membrane and sensitisation to 

calcium, activating the kinase (Araki et al., 2001, Fu et al., 1998, Shirao et al., 

2002). Inositol-phospholipids PIP2 and PIP3 play further roles in spatially 

regulating ROCK2 in particular, to the plasma membrane via the PH domain 

(Yoneda et al., 2005). In addition, other proteins such as nucleophosmin has 

been shown to bind to ROCK2 to increase its activity (Ma et al., 2006) In 

contrast, Coronin1a/b was discovered to attenuate ROCK2 signalling by binding 

to the PH domain of the kinase (Rana and Worthylake, 2012). Collapsin response 
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mediator protein 2 was also shown to reduce ROCK2 activity (Yoneda et al., 

2005).  

Post-translational modifications have also shown to be important regulators of 

ROCK activity. Although phosphorylation at the activation loop is not required 

for ROCK activity, phosphorylation at other sites do have the ability to regulate 

ROCK’s activity and potentially, its localisation. Both ROCK1 and ROCK2 are 

capable of auto-phosphorylating at S1333 on ROCK1 and S1366 on ROCK2, 

indicative of activation (Chuang et al., 2013, Rautou et al., 2011). It is 

speculated that phosphorylation at these sites regulate the localisation of ROCK 

proteins (Ishiuchi and Takeichi, 2011). ROCK2 phosphorylation by Polo-like 1 

kinase (PLK) has been shown to enhance RhoA binding at conserved 

serine/threonine sites, whilst specific phosphorylation at Tyr-722 diminish RhoA 

binding (Lowery et al., 2007, Sinning et al., 2011). The regulation of both kinase 

activity and subcellular localisation of ROCK plays an important role in 

facilitating and controlling its functions in the cell. 

1.6.3 Downstream signalling of ROCK proteins 

As serine/threonine kinases, ROCK proteins phosphorylates downstream 

substrate targets through a consensus motif. The canonical amino acid sequence 

Arg/Lys-X-Ser/Thr or Arg/Lys-XX-Ser/Thr (Arg - Arginine; Lys - Lysine; Ser - 

Serine; Thr - Threonine; X - any amino acid) dictates the specificity of substrates 

for phosphorylation (Kang et al., 2007). As ROCK1 and ROCK2 have a high degree 

of similarity in their kinase domain, it has been speculated that they would 

share some common substrates. It is important to note that the amino acid 

sequence is also recognised by other AGC kinases including myosin II light chain 

(MLC) kinase (Pearce et al., 2010). A number of substrates have been identified 

including myosin, LIM kinase, myosin phosphatase target subunit1 (MYPT1), 

phosphatase and tensin homolog (PTEN), ezrin, radixin, moesin (ERM) proteins, 

formin homology 2 domain containing 1 (FHOD1), vimentin, RhoE, and Adducin 1 

(Pearce et al., 2010). Phosphorylation of substrates can either activate or inhibit 

protein function. For example, phosphorylation of MLC facilitates the interaction 

between actin and myosin, resulting in cell contraction. Phosphorylation of 

MYPT1 on the other hand, inhibits its phosphatase functions on MCL, further 

enhancing cell contraction (Amano et al., 1996). The phosphorylation of its 
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substrates results in reorganisation of the actin cytoskeleton, contributing to its 

cellular effects including cell migration, adhesion, stress fibre formation, 

proliferation, and apoptotic morphology (Figure 1-11) (Julian and Olson, 2014).  

 

Figure 1-11 ROCK signalling cascade. A). In physiological settings, ROCK can be activated in 
both Rho-dependent and Rho-independent manners. Depicted is a Rho-dependent activation of 
ROCK. GEFs can be activated through a number of ways including, receptor tyrosine kinases 
(RTKs), GPCRs, cytokines and integrins. GEFs exchange GTP to GDP on Rho-GTPases that can 
bind and activate ROCK. ROCK can then phosphorylate a variety of substrates including MLC, 
regulatory subunit on myosin light chain phosphatase (MLCP), LIMK, ERMs and Adducin-1. These 
interact with actin and mysosin filaments, changing the cytoskeleton of a cell. This can allow for cell 
migration, cell contraction, stress fibre assembly, cell proliferation, actin stabilisation and actin 
membrane linkage. B) Representative signalling cascade for ROCK1 during apoptotic conditions. 
Upon apoptosis induction, caspase-3 is activated which can cleave ROCK1 (D1113). This 
truncated form is hyperactive, phosphorylating downstream targets including MCL, MYPT1 and 
LIMK. This can cause cell contraction, stress fibre assembly and the characteristic plasma 
membrane blebbing. Figure adapted from (Leverrier and Ridley, 2001a) (Hartmann et al., 2015). 
This figure was made using contents from Servier Medical Art, under the Creative Commons 
Attribution 3.0 Unported License. https://smart.servier.com/ 

1.6.4 Functions of ROCK 

1.6.4.1 ROCK in cytoskeletal organisation 

ROCK’s most prominent function in cells is the organisation of the cytoskeleton. 

Interactions with actin and myosin are achieved through the phosphorylation of 

downstream substrates. One of the first signalling pathways identified was the 

phosphorylation of myosin II (Amano et al., 1996). Myosin filaments assemble 

and subsequently bind to actin following MLC phosphorylation. The hydrolysis of 

ATP following the actin-myosin interaction then enables contraction to occur 
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(Croft et al., 2005). In tandem, ROCK also phosphorylates MYPT1, the regulatory 

subunit on myosin light chain phosphatase (MLC-P). This phosphorylation inhibits 

MCL-P activity, enhancing MLC-mediated contraction (Feng et al., 1999). Both 

ROCK1 and ROCK2 can phosphorylate MYPT1, however, in vascular smooth 

muscle cells, ROCK2 has been shown to bind directly to MYPT1 as well (Wang et 

al., 2009). Similarly, ROCK stabilises actin filaments through phosphorylation of 

LIM kinase 1 and 2 (Maekawa et al., 1999, Ohashi et al., 2000). Activated LIM 

kinases phosphorylate its target cofilin. This phosphorylation inhibits the 

depolarisation of F-actin by cofilin, stabilising actin (Moriyama et al., 1996).  

The organisation of the cytoskeletal components form contractile actin bundles, 

also known as stress fibres, and focal adhesions (Katoh et al., 2001, Kawabata et 

al., 2004, Schiller and Fassler, 2013). Focal adhesion are areas in the cell that 

contain proteins important for adhesion of the cell to other cells or the 

extracellular matrix (Schiller and Fassler, 2013). Additional functions of ROCK on 

the cytoskeleton are achieved through phosphorylation of adducin-1, which 

promote actin bundle formation (Luo and Shen, 2017), and phosphorylation of 

the ERM proteins, which crosslink actin and membrane-bound proteins (Fukata et 

al., 1998, Matsui et al., 1998). These two substrates as well as cofilin are 

implicated in cell migration through the formation of dynamic leading edges and 

filopodia (Schofield and Bernard, 2013). Together, ROCK-mediated cytoskeletal 

dynamics are important for numerous cellular functions including cell 

contraction, migration, adhesion and morphogenesis (Tojkander et al., 2012). 

1.6.4.1.1 Blebbing in migration and apoptosis  
 
The cytoskeletal reorganisation initiated by ROCK1 can cause membrane 

blebbing (Charras and Paluch, 2008). Cell blebbing is defined by pressure-driven 

spherical protrusions of the membrane, when the membrane itself detaches 

cortex (Pollard and Borisy, 2003). Although blebbing is often considered a 

characteristic morphological feature of apoptotic cells, membrane blebbing is 

also observed during physiological conditions including during cell division and 

cell spreading (Fishkind et al., 1991, Bereiter-Hahn et al., 1990). Another 

function of blebbing that has been documented is cell migration (Charras and 

Paluch, 2008). Bleb-driven cell migration has been observed during development 

as well as by metastatic cancer cells (Blaser et al., 2006, Friedl and Wolf, 2003). 
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Often, blebbing is used as an alternative to lamellipodial migration. A key 

difference between non-apoptotic and apoptotic membrane blebbing is the 

polarisation of the blebs itself. Migratory blebs are generated on the leading 

edge of a cell whereas apoptotic blebs are formed all around the cell (Charras 

and Paluch, 2008). Apoptotic blebs have been more extensively studied than 

migratory blebs. It is still unknown how migratory blebs are polarised and how 

blebbing is translated into movement. Regardless of the function, blebs are seen 

as an evolutionary conserved form of cell protrusion.  

1.6.4.2 ROCK in cell cycle and proliferation 

The role of ROCK in cell cycle progression and cell proliferation independent of 

cytoskeletal control is less characterised. Some studies have suggested a role for 

ROCK1 in regulating G1/S phase progression through cell cycle proteins (Croft 

and Olson, 2006, Zhang et al., 2009). These in vitro studies suggest that ROCK 

regulates the cell cycle on different levels, through increasing cyclins (D1 and 

A), reducing negative regulators (p21 and p27) as well as reducing the INK4 

family of cyclin dependent kinase inhibitors (CDKIs). The loss of ROCK was also 

observed to associate with cell cycle arrest and senescence (Kumper et al., 

2016). ROCK is important not only in regulating levels of proteins but also in the 

spatio-temporal regulation associated to cell cycle progression and ultimately 

mitosis. ROCK is involved in the formation of the cleavage furrow, as well as 

centrosome segregation and positioning during mitosis (Kosako et al., 2000, 

Sahai et al., 1999, Chevrier et al., 2002). ROCK promotes actin formation and 

disassembly of filaments, including vimentin at the cleavage furrow (Matsumura, 

2005) . On the contrary, ROCK can also suppress proliferation through activation 

of PTEN. PTEN is responsible for inhibiting AKT/PKB, which is required for cell 

proliferation (Yang and Kim, 2012). These effects are dependent on cell type – 

ROCK inhibition was shown to suppress proliferation in smooth muscle cells and 

cardiac myocytes (Takeda et al., 2006, Zhao and Rivkees, 2003). 

1.6.4.3 ROCK in apoptosis 

As discussed in the previous section, programmed cell death results in a variety 

of cellular and morphological changes, particularly to the actin-cytoskeleton. 

The cleavage of ROCK1, not ROCK2, at the caspase-3 cleavage site forms a 
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hyperactive kinase. The reorganisation of the cytoskeleton and further MLC 

phosphorylation has proved to be crucial for apoptotic process, including cell 

shrinking, plasma membrane blebbing, nuclear fragmentation and apoptotic 

body formation (Julian and Olson, 2014). ROCK further enables the disruption of 

the nucleus, as well as the packaging of fragmented cellular components into 

apoptotic bodies (Croft et al., 2005, Coleman et al., 2001). Specialised forms of 

cell death triggered by NK cells result in the release of Granzyme B. In this 

instance, pro-apoptotic protease Granzyme B cleaves ROCK2, but not ROCK1, 

facilitating downstream phosphorylation of its targets and membrane blebbing. 

ROCK2 also leads to further activation of ROCK1 which results in reorganisation 

of the cytoskeleton as mentioned above (Sebbagh et al., 2005). These features 

allow apoptosis to remain immunologically silent, as intracellular contents such 

as damage associated molecular patterns (DAMPs), including nuclear histones, 

are largely contained within apoptotic bodies (Wickman et al., 2013). Although 

cells try to contain DAMPs, leakage of these molecules occur during apoptotic 

blebbing, which can alert and attract immune cells. This stops the progression of 

programmed cell death into secondary necrosis (Doran et al., 2020). 

1.6.4.4 ROCK in phagocytosis 

As discussed above, phagocytosis is the ultimate step to clear apoptotic cells. 

The Rho/ROCK signalling cascade is implicated in the negative regulation of 

efferocytosis (Tosello-Trampont et al., 2003, Leverrier and Ridley, 2001b), while 

the Inhibition of the RhoA/ROCK pathway enhanced the uptake of apoptotic cells 

(Tosello-Trampont et al., 2003). The enhancement of phagocytosis subsequently 

increases apoptotic cell clearance by macrophages (Tosello-Trampont et al., 

2003, Kim et al., 2017). Signalling through Rho/Rock/ERM additionally increases 

phagocytic uptake of apoptotic cells through phagosome maturation (Erwig et 

al., 2006). Interestingly, Rho/ROCK is implicated in efferocytosis and 

phagocytosis via the complement receptor, but not via the Fc receptor (Olazabal 

et al., 2002, Caron and Hall, 1998). This is attributed to ROCK’s role in 

reorganising the actin cytoskeleton that regulates basal engulfment. 
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1.6.4.5 ROCK in development 

Genetic studies have given great insight into the roles of ROCK1 and ROCK2, 

particularly during development. Both ROCK1 and ROCK2 were found to be 

expressed in a variety of organs, including the heart, umbilical blood vessels and 

dorsal root ganglion (Shimizu et al., 2005, Thumkeo et al., 2003). Homozygous 

genetic deletion of ROCK1 in C57Bl/6 mice resulted in over 90% of perinatal 

death in mice, with defects in their eyelids and an omphalocele phenotype 

(Shimizu et al., 2005). ROCK2 deletion in C57Bl/6 mice were embryonically 

lethal, resulting in the same defects in eyelids and omphalocele phenotype, but 

also placental dysfunction (Thumkeo et al., 2003). The genetic studies allude to 

the redundant functions of the ROCK proteins during development, but equally 

provide insight into the importance of ROCK for cell migration and organ 

formation (Shi et al., 2011). 

1.6.4.6 ROCK in the immune system 

The role of ROCK proteins in the immune system is largely attributed to its 

ability to remodel the actin cytoskeleton and ROCK’s less known function of 

altering gene expression in immune cells (Pernis et al., 2016). In T-cells, both 

ROCK1 and ROCK2 have been shown to trigger cytokine-mediated cell 

polarisation as well as transendothelial migration (TEM) downstream of RhoA 

activation (Heasman and Ridley, 2010, Vicente-Manzanares et al., 2002). 

Experimental studies using ROCK inhibitors and silencing of ROCK1/2 expression 

has revealed a role for ROCK in T-cell activation and differentiation. The 

inhibition of ROCKs resulted in a reduction of T-cell proliferation and interleukin 

cytokine production (Tharaux et al., 2003, Aihara et al., 2003). Interestingly, 

through inhibition of ROCK2, there was an absence of phosphorylation and 

subsequent activation of interferon regulatory factor 4 (IRF4), a transcription 

factor required to differentiate naïve T-cells into T-helper 17 (TH17) cells 

(Biswas et al., 2010). Apart from T-cells, ROCKs have also been shown to be 

important in the antigen internalisation ability and motility of B-cells (Natkanski 

et al., 2013, Pernis et al., 2016). Furthermore, ROCKs have also been implicated 

in myeloid cell function. The inhibition of ROCK was shown not only to affect DC 

motility, but also its morphology, affecting its ability for antigen presentation 

(Kobayashi et al., 2001). Macrophage function can also be affected. Macrophages 
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can be polarised towards a more inflammatory phenotype by the activation of 

mitogen-activated protein kinases (MAPK) and NFκB by ROCKs (Cheng et al., 

2015).  

1.6.5 ROCK in disease 

ROCKs are important kinases required for a numerous physiological cellular 

functions including organisation of the cytoskeleton to allow contraction and 

movement, as well as the regulation on survival, death and phagocytosis. It is 

therefore unsurprising that when the function of these kinases deviate from the 

norm, pathological conditions can arise. Accordingly, experimental studies have 

linked ROCK to conditions including cardiovascular diseases, autoimmunity 

disorders, respiratory disease and cancer (Schofield and Bernard, 2013, Pacaud 

and Loirand, 2010). The role of ROCK proteins in cancer is explored below.  

1.6.5.1 ROCK in cancer 

Cancer involves the abnormal proliferation of cells in the body, characterised by 

hallmark biological processes including proliferation, evasion of the immune 

system and cell death resistance. The progression of cancer is a multistep 

process that ultimately results in the transformation of cells and growth of 

tumours (Hanahan and Weinberg, 2011). Reorganisation and alterations in the 

actin cytoskeleton has proven to be important for the progression of cancer 

cells. Cytoskeletal changes can contribute to cell motility, invasion, metastasis 

as well as proliferation and the remodelling of the extracellular matrix (Morgan-

Fisher et al., 2013). Recent experimental studies have shed light on the 

importance of ROCK signalling in modulating cellular processes that contribute 

mainly to tumour progression and invasion (Morgan-Fisher et al., 2013, Schofield 

and Bernard, 2013).Mutations in ROCK proteins have been identified in a variety 

of human cancers including melanoma, breast, lung, and stomach cancer 

(Greenman et al., 2007, Lochhead et al., 2010). High levels of ROCK1 in breast 

cancer and osteosarcoma have been correlated with poorer survival and 

increased tumour grade (Lane et al., 2008, Liu et al., 2011). Elevated ROCK2 

levels were associated with more aggressive hepatocellular carcinoma and 

bladder cancer (Wong et al., 2009, Kamai et al., 2003). Whether increased ROCK 
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levels is a cause or consequence of tumour progression is still yet unknown 

(Hanahan and Weinberg, 2011). 

The regulation of ROCK activity in cancer can come from both upstream 

activators, such as Rho, and binding partners of ROCK. Overexpression and over-

activation of RhoA have been reported in several cancers, including breast, 

colon and lung cancer (Morgan-Fisher et al., 2013). In malignant melanoma and 

squamous cell carcinoma, PDK1 and RhoE compete to bind with ROCK1. PDK1 

promotes ROCK1 activity and subsequently cell migration (Pinner and Sahai, 

2008). RhoE, although antagonising PDK1, has been lost in hepatocellular 

carcinoma, losing the suppression of cell motility. (Riento et al., 2003, Ma et al., 

2013). Cell motility and cancer survival is also dependent on the remodelling of 

the ECM. Enhanced ROCK activity is correlated with increased stiffness which is 

associated with cancer progression (Jaalouk and Lammerding, 2009). Cancer 

associated fibroblasts (CAF) depend on ROCK2 activity to remodel the ECM, 

paving the way for cancer cell migration (Gaggioli et al., 2007). This is one way 

in which ROCK has been proposed to promote invasiveness and metastasis. ROCK 

has also been suggested to mediate metastasis through epithelial-to 

mesenchymal transition (EMT) and E-cadherin loss (Castro et al., 2013, de 

Toledo et al., 2012). Further to this, ROCK promotes cell proliferation, which is 

another hallmark of cancer biology. Inhibiting ROCK in several cancer cell lines, 

including renal and prostate cancers, reduced cell proliferation (Gong et al., 

2019, Abe et al., 2008). The amplification of ROCK in cancers have important 

implications in cancer cell proliferation, invasion and migration. 

Given the involvement of ROCK in numerous facets of tumour progression, 

targeting ROCK is a therapeutic strategy. Inhibition of ROCK in both in vitro and 

in vivo settings have shown great promise. Tumour progression was reduced in 

mouse models of lung, hepatocellular and breast cancer when treated with ROCK 

inhibitors (Takamura et al., 2001, Ying et al., 2006). Experimental studies have 

also proposed that ROCK inhibition could prevent cancer metastasis (Morgan-

Fisher et al., 2013). Thus, ROCK inhibitors have great potential in targeting 

different types of cancer.  
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1.6.6 ROCK inhibitors 

ROCK1 is an attractive target given its role in different diseases including 

cancers, ischemic stroke and asthma (Feng et al., 2016). However, the caveat 

with small molecule inhibitors is the specificity; not only between the ROCK 

proteins but other kinases as well. Kinase inhibitors fall into two categories of 

inhibitor – type 1 and type 2. Type 1 inhibitors compete with ATP for the ATP 

binding site in the active conformation of the protein. Type 2 inhibitors bind the 

ATP binding site in the inactive conformation of the protein (Feng et al., 2016). 

The majority of ROCK inhibitors target both ROCK1 and ROCK2 given the 

homology in their sequence. The isoquinoline and pyridine/pyrrolopyridine based 

inhibitors are grouped as the classic ROCK inhibitors. Of the classic ROCK 

inhibitors, Fasudil (HA-1077) and Y27632 have been widely used (Asano et al., 

1987, Uehata et al., 1997).  

1.6.6.1 Fasudil 

Fasudil is one of the first ROCK inhibitors that have been developed and the only 

inhibitor approved in Japan for clinical use since 1995 (Olson, 2008). Fasudil is 

approved for its vasodilative properties in preventing cerebral vasopsasms after 

subarachnoid haemorrhage and to improve blood flow following ischemic strokes 

(Shibuya et al., 1992). Fasudil is not selective for either isoforms of ROCK or, is 

it selective for ROCK alone. Fasudil can inhibit other AGC kinases, such as PKC 

and PKA, particularly at higher concentrations (Olson, 2008). The isoquinoline-

based Fasudil binds to both ROCK proteins with moderate potency, and other 

AGC kinases at a 10-fold lower potency (Sasaki et al., 2002, Tamura et al., 

2005). Once in the body, Fasudil is metabolised into hydroxyfasudil (Rikitake et 

al., 2005, Pan et al., 2013). Both molecular compounds function as type 1 

inhibitors (Feng et al., 2016). Fasudil has been tested in clinical trials for 

multiple conditions including pulmonary hypertension, atherosclerosis and 

vascular resistance (Nohria et al., 2006, Ishikura et al., 2006, Kishi et al., 2005). 

These trials prove that Fasudil is safe in humans. Given the cellular functions of 

ROCK and its role in disease, it is a promising avenue to pursue, particularly in 

cancer. It should be noted however, that any effects of Fasudil seen in 

experimental conditions are likely due to its broad spectrum activity inhibiting 

multiple kinases, not just ROCK (Fukushima et al., 2005).  
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1.6.6.2 Y27632 

Y27632, a ROCK inhibitor belonging to the pyridine family, is widely used in 

experimental studies, particularly in blood pressure regulation (Uehata et al., 

1997). Like Fasudil, Y27632 is a type 1 inhibitor that binds to both ROCK1 and 

ROCK2. Y27632 has the ability to bind to other AGC kinases apart from ROCK 

proteins (Feng et al., 2016). However, unlike Fasudil, Y27632 has not been 

utilised in the clinic due to severe hypotension (Guan et al., 2013, Feng et al., 

2016).  

1.6.6.3 Other inhibitors 

Other ROCK inhibitors are grouped according to their chemical structures. These 

include the indazole-based, pyrazole-based and pyrmidine-based ROCK inhibitors 

(Feng et al., 2016). Of the indazole-based, KD025 is the first reported ROCK2 

specific inhibitor (Lee et al., 2014). KD025 has efficacy, treating a variety of 

diseases in their relevant animal models including autoimmune diseases and 

cancer (Zanin-Zhorov et al., 2014, Morgan-Fisher et al., 2013). There is currently 

great promise for KD025. It is currently being further developed for idiopathic 

pulmonary fibrosis, severe psoriasis and chronic graft versus host disease (Averill 

et al., 2018, Zanin-Zhorov et al., 2017) (Clinicaltrials.gov; NCT03640481). 

AT13148, a pyrazole-based ROCK inhibitor, was discovered through fragment 

based screening with an affinity for ROCK1 and ROCK2 as well as other AGC 

kinases including PKA, PKB/AKT, RSK1, p70S6K (Yap et al., 2012). AT13148 has 

proven to be quite effective in in vitro and in vivo models of cancer, particularly 

melanoma, prostate, breast, and pancreatic cancer (Sadok et al., 2015, Yap et 

al., 2012, Rath et al., 2018). More importantly, AT13148 has progressed into 

phase I clinical trials for patients with advanced solid tumours (Kumar et al., 

2014).  

1.6.7 Experimental background 

1.6.7.1 ROCK1nc mice 

The activation of the kinase ROCK1 is central to changes in the cytoskeleton 

important for a number of cellular processes including cell proliferation, cell 

cycle and migration as discussed above. During apoptosis, ROCK1 is cleaved by 
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caspase-3 (Figure 1-11) (Coleman et al., 2001). The removal of the C-terminus 

renders ROCK1 in a hyper-activated state, phosphorylating its downstream 

targets and facilitating cell contraction, apoptotic membrane blebbing and 

apoptotic body formation (Wickman et al., 2012). In order to study the role of 

ROCK1-mediated apoptotic membrane blebbing in vivo, a novel genetically-

modified (GM) knock-in mouse model was created by the Olson lab and 

Transgenic Facility at the Beatson Institute. This C57Bl/6 model contains a single 

knock-in mutation altering the caspase-3 cleavage site from an aspartic acid 

residue to an alanine (D1113A), rendering ROCK1 resistant to caspase-3 cleavage 

and non-cleavable (ROCK1nc) as described by Julian (Julian, 2015). This model is 

important as it provides an avenue to isolate the role of ROCK1 in apoptotic 

blebbing while keeping the non-apoptotic functions of ROCK1 intact. ROCK1nc 

cells undergoing apoptosis exhibit intact biochemical features, however, they 

display defective blebbing and reduced forceful contractions (Julian, 2015).  

The Olson lab has shown that in an acute liver damage model, ROCK1nc mice 

exhibited increased damage, cellular debris and neutrophilic infiltration (Julian, 

2015). Interestingly, in a diethylnitrosamine (DEN) induced hepatocellular 

carcinoma (HCC) model and Eµ-MYC lymphoma model, ROCK1nc mice had a 

reduced tumour burden and an increase in cytotoxic T-cell infiltration (Julian, 

2015, Naylor, 2019). Furthermore, a prolonged survival was seen in ROCK1nc 

mice on an Eµ-MYC lymphoma background. A reduction in tumour burden in the 

DEN-induced HCC model was recapitulated using the pharmacological inhibition 

of ROCK (Naylor, 2019). These results provide compelling evidence that ROCK1-

mediate apoptotic membrane blebbing is involved in tumour development and 

perhaps the pharmacological inhibition of ROCK can be an attractive therapeutic 

strategy in certain types of cancer.  

1.7 Hypotheses and aims 

The first project interrogates the role of ROCK1-mediated apoptotic membrane 

blebbing. Deciphering the role of ROCK1 cleavage is achieved using genetic 

mouse models. Given the previous findings from the Olson lab regarding the role 

of apoptotic membrane blebbing in the liver, we sought to expand those findings 

into the thymus, an organ highly regulated by apoptosis. The aims of the first 

project are three fold. First, to address the role ROCK1-mediated blebbing in 
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thymic development and homeostasis. Second, to investigate apoptotic 

membrane blebbing and its role in cell clearance and immune cell responses. 

And third, to explore the role of ROCK1-mediated apoptotic membrane blebbing 

in an immunogenic lung cancer model.  

The second part of the project looks at another aspect of the apoptotic 

machinery, the p53-MDM2 signalling axis. Although the oncogenic contributions 

of MDM2 and its relationship to p53 is well documented, less is known about the 

significance of the two MDM2 promoters – the basal P1 and p53-inducible P2. The 

aim of the second project is to tease apart the roles of the promoters in 

tumourigenesis using a GM approach abrogating either the P1 or P2 MDM2 

promoter in the Eµ-MYC lymphoma model. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Antibodies 

Table 2-1 List of primary antibodies 

Antigen (Clone) Species Supplier Catalogue # 

α-Tubulin (B7) Mouse Sigma Aldrich T9026 

α-Tubulin (B7) Rabbit Cell Signalling 
Technology  

2125 

Caspase-3  Rabbit Cell Signalling 
Technology 

9662s 

CD3 (SP7) Rabbit Vector VP-RM01 

CD4 (4SM 95) Rat eBioscience 14-9766-82 

CD45R/B220  
(RA3-6B2) 

Rat Abcam ab64100 

CD8a Rat eBioscience 14-0808-82 

Cleaved Caspase-3 

(Polyclonal) 

Rabbit Cell Signalling 

Technology 

9661 

F4/80 (CI:A3-1) Rat Abcam ab6640 

Ly-6G (IA8) Rat BioXcell BE0075-1 

ROCK1 (46/ROCK-1) Mouse BD Biosciences 611137 

S100-A9 (M19) Goat Santa Cruz sc-8115 

 

Table 2-2 List of secondary antibodies 

Antigen (Clone) Species Supplier Catalogue # 

Alexa Fluor 680 Goat anti-mouse Invitrogen A32729 

Alexa Fluor 800 Donkey anti-rabbit Thermo Scientific SA5-10044 

EnVision Rabbit Agilent K4003 

ImmPRESS Goat Vector Labs MP-7405 

ImmPress Rabbit Vector Labs MP-7404 
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Table 2-3 List of flow cytometry antibodies 

Antigen (Clone) Supplier Fluophore  Catalogue No 

CD11b (M1/70) Biolegend BV570, PE 101233; 101208 

CD11c (N418) Biolegend BV711 117349 

CD25 (PC61) Biolegend AF700 10204 

CD3 (17A2) Biolegend APC, PE 100236; 100206 

CD4 (RM4-5) Biolegend APC, PerCP-Cy5.5 100516; 100539 

CD44 (IM7) Ebioscience PE-Eflour 610 61-0441-82 

CD45 (30-F11) Biolegend BV510 103137 

CD45 (30-F11) Ebioscience PE-Eflour 610 61-0451-82 

CD8a (53-6.7) Biolegend PE-Cy7 100721 

CD80 (16-10A1) Biolegend FITC 104706 

CD86 (GL1) Biolegend AF700 105023 

F4/80 (BM8) Biolegend AF647, FITC 123121; 123107 

Fixable Viability Dye 
eFlour® 780 

Ebioscience PE-Eflour780 65-0865-14 

FOXP3 (MF-14) Biolegend AF647 126407 

IgD (11-26c.2a) Biolegend FITC 405703 

IgM (RMM-1) Biolegend PE 406507 

Ly-6C (HK1.4) Biolegend BV421 128031 

Ly-6G (1A8) Biolegend PE-Cy7 127617 

MHCII [I-A/I-E] 
(M5/114.15.2) 

Biolegend PerCP 107623 

PDCA-1 (927) Biolegend PerCp-Cy5.5 127021 

Siglec H (551) Biolegend APC 129611 

Streptavidin Biologend PE 405203 

TCRβ (H57-597) Biolegend BV421 109229 

TCRγδ (GL3) Biolegend Biotin 118103 

TruStain FcX (mouse) Biolegend - 101320 

 

Table 2-4 List of primary antibodies for immunohistochemistry  

Antigen (Clone) Supplier Catalogue No 

B220/CD45R (RA3-6B2) Abcam Ab64100 

CD3 (SP7) Abcam Ab16669 

CD4 (4SM 95) eBioscience 14-9766-82 

CD8α (4SM 15) eBioscience 14-0808-82 

Cleaved Caspase 3 Cell Signalling Technologies 9661 

F4/80 (CI:A3-1) Abcam Ab6640 

Ly-6G (IA8) BioXcell BE0075-1 

S100-A9 (M19) Santa Cruz Biotechnology Sc-8115 
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2.1.2 Reagents and chemicals 

Table 2-5 List of reagents and chemicals 

Reagent/Chemical Supplier Catalogue # 

10x NuPAGETM SDS Sample Reducing 
Agent 

InvitrogenTM NP0004 

4x NuPAGETM LDS Sample Buffer InvitrogenTM NP0007 

2-Mercaptoethanol Gibco  31350010 

AdenoCre Virus (SPC-Cre) University of Iowa 
Viral Core 

VVC-Berns-1168 

Albumin Standard ThermoFisher 
Scientific 

23209 

Ammonium Chloride Sigma Aldrich A9434 

Antigen unmasking solution (pH6) Vector Labs H-3300 

Antisedan (Atipamezole) Vetoquinol 0501267490211 

Bovine Serum Albumin Sigma Aldrich A9647-500G 

Brilliant Stain Buffer BD Biosciences  566349 

Calcium Chloride Sigma Aldrich 21114 

Cell dissociation buffer ThermoFisher 

Scientific 

13151014 

Collagenase D Sigma Aldrich 11088866001 

Dexamethasone Sigma Aldrich D8893 

Dexamethasone 21-phosphate 
disodium salt 

Sigma Aldrich D1159 

DEN Sigma Aldrich N0258 

DNase I recombinant, RNase-free 
 

Sigma Aldrich 4716728001 

Domitor (Medetomidine, 1mg.ml-1) Vetoquinol 05012674902080 

DMEM ThermoFisher 
Scientific 

21969-035 

DMSO Sigma Aldrich D2650 

EDTA Sigma Aldrich E0399- 

Enzyme pre-treatment kit Leica AR9551 

Epitope retrieval 2 (ER2) Leica AR9640 

Ethanol Fisher Scientific 64-17-5 

Fasudil LC Laboratories F-4660 

Fetal Bovine Serum ThermoFisher 
Scientific 

10270 

Ficoll-Plaque Plus GE Healthcare 17-1440-02 
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Glutaraldehyde Sigma Aldrich G5882 

Ketamine (Narketan10, 100mg.ml-1) Vetoquinol 03605877551210 

L-Glutamine (200mM) ThermoFisher 
Scientific 

25030-032 

Lipopolysaccharide (LPS) Sigma-Aldrich L4391 

Liquid DAB Agilent K3468 

Skimmed Milk Powder Marvel 3025308 

MEM  ThermoFisher 61100087 

Methanol Fisher Scientific 67-56-1 

NuPAGETM 4-12% Bis-Tris Gel InvitrogenTM P0321 

NuPAGETM MES SDS Running Buffer 
(20x) 

InvitrogenTM NP0002 

NuPAGETM MOPS SDS Running Buffer 
(20x) 

InvitrogenTM NP0001 

NuPAGETM Transfer Buffer (20x) InvitrogenTM NP0006 

Paraformaldehyde Electron Microscopy 
Service 

15711 

PE-Spheres ThermoFisher 
Scientific 

F13082 

Penicillin/Streptomycin Gibco 15140-122 

Pierce Bovine Serum Albumin Standard 
Ampules, 2mg.ml-1 

Thermo Scientific  23209 

Potassium Bicarbonate Sigma Aldrich 60339 

Precision Plus ProteinTM All Blue 
Standards 

BioRad 1610373 

Precision Plus ProteinTM Dual Colour 
Standard 

BioRad 1610394 

Halt™ Protease and Phosphatase 
Inhibitor Single-Use Cocktail (100X) 

Thermo Fisher 
Scientific 

1861278 

RIPA Lysis and Extraction Buffer Thermo Fisher 
Scientific  

89900 

RPMI 1640 Fisher Scientific 31870-025 

Sodium Azide Sigma S8032 

Tween-20 Sigma P1379 
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2.1.3 Buffers and solutions 

Table 2-6 List of buffers and solutions 

Buffers and Solutions Recipe 

70% Ethanol 100% ethanol diluted in distilled water 

Blotting Buffer 5% of Transfer Buffer, 20% Methanol, 75% distilled 
water 

FACS Buffer 0.02% Sodium Azide, 1% FBS, 5mM EDTA (pH 8) with 
PBS up to 500ml 

Neutral Buffered 
Formalin (10%) 

100ml 37-40% formalin, 4g/l NaH2PO4 (monobasic), 
6.5g/l NaH2PO4 (dibasic/anhydrous), 900 ml 
distilled water (for 1 litre solution) 

MES Running Buffer 1x MES (20x) diluted in distilled water 

MOPS Running Buffer 1x MOPS (20x) diluted in distilled water 

PBS 170mM NaCl, 3.3mM KCl, 1.8mM Na2HPO4, 10.6mM 
H2PO4 

PFA (2%) 16% PFA diluted in PBS 

Red blood cell lysis (10x) 8.26g Ammonium Chloride, 1g Potassium 
Bicarbonate, 0.037g EDTA, distilled water up until 

100ml 

Sodium Cacodylate 
(0.1M, pH 7.4) 

4.28g Sodium Cacodylate,25g Calcium Chloride, 
2.5mL 0.2 M Hydrochloric Acid, make up to 200 mL 
with dH2O 

TBS 20mM Tris – HCl pH 7.5, 136mM NaCl 

TBS-T 20mM Tris – HCl pH 7.5, 136mM NaCl, 0.1% Tween 
20  

 

2.1.4 Kits 

Table 2-7 List of kits 

Kit Supplier Catalogue # 

FITC Annexin V Apoptosis Detection Kit 
I 

Beckton Dickinson 556547 

IncuCyte® pHrodo® Red Cell Labeling 
Kit for Phagocytosis 

Essen Bioscience  4649 

Pierce LDH Cytotoxicity Assay  Thermo Fisher 
Scientific 

88953 

PierceTM BCA Protein Assay  ThermoFisher 
Scientific 

23227 

True-NuclearTM Transcription Buffer Set Biolegend 424401 
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2.1.5 Tissue isolation and culture solutions 

Table 2-8 List of tissue isolation and culture solutions 

Media Composition  

Complete RPMI 10% FBS, 1% L-Glutamine, 1% 
Pen/Strep in RPMI 1640 

Complete Lymphoma RPMI 10% FBS, 1% L-Glutamine, 1% 
Pen/Strep, 0.1% β-Mercaptoethanol 

in RPMI 1640 

Freeze down medium 50% FBS, 40% RPMI, 10 % DMSO 

Lung tumour isolation media 1mg.ml-1 collagenase D, 40 units of 
DNAse 1 in DMEM 

Thymocyte isolation media 1mg.ml-1collagenase D in RPMI 

 

2.1.6 Other materials 

Table 2-9 List of other materials  

Material Supplier Catalogue # 

0.2µM syringe filter Life Sciences PN4602 

40 µM strainer Greiner Bio-one 542040 

70 µM strainer Greiner Bio-one 542070 

100µM yellow cell strainer for 50mL 
tube 

Scientific 
Laboratories Supplies 

352360 

Filter paper 3MM GE LifeSciences  3030-917 

Flat bottom 96 well plates Greiner Bio-One 655101 

Flow cytometry 5ml tubes Falcon 352052 

GentleMacs tubes Miletnyi Biotech 130096334 

Nitrocellulose membrane GE Healthcare 
Amersham 

10600002 

QiaShredder  Qiagen 79654 

U-Bottom 96 well plates Greiner Bio-One 655101 
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2.1.7 Equipment and software 

Table 2-10 List of equipment and software 

Equipment Supplier 

Attune Flow Cytometer Thermo Fisher Scientific 

FlowJo V10 FlowJo 

GentleMacs Miltenyi Biotech 

Prism Graphpad 

HALOTM Indica Labs 

ImageJ  

Image Lab Biorad 

Image Studio V 5.0 Licor 

Incucyte Essen Bioscience 

JSM 6400 Scanning JOEL 

SunriseTM Absorbance Reader Tecan 

ZEN ZEISS 

 

http://www.biocompare.com/20131-Microplate-Reader-ELISA-Plate-Reader/64545-SunriseTM-the-versatile-12channel-ELISA-microplate-reader/
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2.2 Methods 

2.2.1 Animals 

2.2.1.1 Maintenance and breeding 

Mice were bred and maintained in pathogen free conditions at the Beatson 

Institute Animal Research Facility. All animal work carried out at the Beatson 

Institute is in accordance with the UK Home Office regulations in line with the 

Animals (Scientific Procedures) Act1986 and the European Directive 2010/63/EU 

policies. Ear notching and general maintenance (food, water and housing) was 

carried out by the Biological Services Unit at the Beatson Institute. All mice were 

checked regularly for health concerns. As specified in the project license (60-

4225; 70-8645), mice were humanely culled by Schedule 1 techniques and a 

secondary method was performed for the confirmation of death. 

2.2.1.2 Genotyping 

Mice were routinely ear notched when pups were weaned for identification 

purposes. At this time tissue biopsy were sent to Transnetyx (Cordova, TN, US) 

for genotyping analysis. Single nucleotide polymorphism (SNP) analysis from ear 

notches were carried out by Taconic Biosciences (NY, US) for genetic profiling. 

2.2.2 Mouse models 

2.2.2.1 ROCK1nc defective apoptotic membrane blebbing model  

The ROCK1 non-cleavable (ROCK1nc) mutant mouse model was generated by the 

Transgenic Technologies group at the Beatson Institute. Briefly, a knock-in 

missense mutation was introduced into the caspase-3 cleavage site of ROCK1 

(D1113A) (Julian, 2015). The mice were initially a mix of 129/Sv and C57Bl/6, 

then further crossed onto C57Bl/6 for 5 generations and then bred to 

homozygosity. The ROCK1nc mouse is a constitutive whole body mutation in the 

ROCK1 gene. Only mice homozygous (HOM) for the non-cleavable mutation were 

used in experimental cohorts. Wild-type (WT) counterparts were obtained from 

ROCK1nc heterozygous (HET) mating pairs to ensure comparability due to the 

genetic background (N5, C57Bl/6). In addition, mice that express the green 

fluorescent protein (GFP) that were also on a C57Bl/6 background (Lifeact-EGFP, 
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CAG-EGFP; MGI: 4831036; (Riedl et al., 2010)) were crossed onto ROCK1nc HOM 

mice for phagocytosis assays.  

2.2.2.2 Lung adenocarcinoma model  

Two genetic models of lung adenocarcinomas were utilised – the KM and KMA 

models; both models have been characterised and kindly donated by the Murphy 

lab (University of Glasgow). In the KM model, mice bear a mutation in the KRas 

gene, lox-stop-lox (LSL) KRasG12D (B6.129S4-Krastm4Tyj/J), and overexpression of 

human c-MYC, LSL c-MYC (Rosa26DM.lsl-MYC), with the addition of a LSL-infrared 

red fluorescent protein (hereafter iRFP; Hprttm1(CAG-iRFP); MGI6382570) (Kruspig et 

al., 2018, Murphy et al., 2008, Hock et al., 2017, Neidler et al., 2019). The 

addition of the LSL-APOBEC3B gene (Rosa Locus Gt(ROSA)26Sortm1(CAG-LSL-

APOBEC.opt)Bea) onto the KM model was generated by the Strathdee lab at the 

Beatson Institute (unpublished data). The KMA model is a variation of the KM 

model. Therefore KMA mice bear the LSL-KRasG12D, LSL-c-MYC, LSL-APOBEC3B, 

and LSL-iRFP. For the activation of conditional alleles on the KM and KMA 

models, a surfactant protein C (Sp-C) driven adenovirus Cre recombinase was 

utilised, allowing the induction of the transgenes in type II alveolar cells. The 

Cre recombinase allows targeted induction of genes, as the STOP cassette 

between the LoxP sites are removed (Houdebine, 2014). The adenovirus Sp-C Cre 

was delivered via intranasal inhalation to selectively target the lungs for the 

induction of genes (DuPage et al., 2009, Jackson et al., 2001, Neidler, 2015, 

Kruspig et al., 2018). 

For the KM and KMA models, the desired genetic outcome were HET for KrasG12D, 

MYC, and APOBEC3b in the KMA model. The iRFP genotype was either WT, HET 

(in females) or hemizygous (HEMI) (in males). Both of the lung adenocarcinoma 

models were crossed onto the ROCK1nc model. The models with associated 

genotypes are outlined in Figure 2-1 and Table 2-11. 
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Figure 2-1 Schematic representation of the KM and KMA lung adenocarcinoma mouse 
model crossed onto the ROCK1nc mouse model.  

Table 2-11 List of desired genetic outcomes in the KM and KMA model 

Model Transgene  Desired expression 

KM-WT LSL-KRASG12D Heterozygous 

R26-LSL MYC Heterozygous 

Rock1 Wild-type 

HPRT- LSL-iRFP Wild-type 

Heterozygous 

Hemizygous 

KM-NC LSL-KRASG12D Heterozygous 

R26-LSL MYC Heterozygous 

Rock1nc Homozygous 

HPRT-LSL iRFP Wild-type 

Heterozygous 

Hemizygous 
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KMA-WT 

LSL-KRASG12D Heterozygous 

R26-LSL MYC Heterozygous 

R26-LSL APOBEC3B Heterozygous 

Rock1 Wild-type 

HPRT-LSL iRFP Wild-type; Heterozygous; 

Hemizygous 

KMA-NC 

LSL-KRASG12D Heterozygous 

R26-LSL MYC Heterozygous 

R26-LSL-APOBEC3B Heterozygous 

Rock1nc Homozygous 

HPRT-LSL iRFP Wild-type; Heterozygous; 

Hemizygous 

 

2.2.2.2.1 Preparation of anaesthetic and reversal solution for viral 
administration 

A mixture of Domitor and Ketamine diluted in 0.9% sodium chloride (NaCl) was 

used to anaesthetise mice in preparation for intranasal administration of 

adenovirus (SpC-Cre). In this instance, 100µL of Domitor and 200µL of Ketamine 

were diluted in 1.9mL of NaCl. A final dose of 55mg/kg Domitor and 0.27mg/kg 

Ketamine for females, and 49.5mg/kg of Domitor and 0.243mg/kg of ketamine 

for males, from the IP injection of the anaesthetic cocktail were achieved based 

on mouse body weight. 

Antisedan was used an agent to reverse the anaesthetic effects of Domitor and 

Ketamine. A 100µL of Antisedan was diluted in 2.9mL of 0.9% of NaCl to achieve 

a 5mg/ml dose based on mouse body weight. 
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2.2.2.2.2 Adenovirus Sp-C Cre solution preparation and viral administration  

Minimal essential Medium (MEM) was reconstituted in sterile water (0.48g in 

50mL) and adjusted to a pH of 7.86. This solution was sterilised using a 0.2µM 

filter under sterile conditions. In sterile conditions, calcium chloride (CaCl2) was 

diluted in sterile water to obtain a final concentration of 0.2M. Both these 

solutions were made the day before a scheduled induction and stored at 4°C. 

The MEM solution, CaCl2 solution and viral aliquots of adenovirus-SPC-Cre were 

transported on ice to the Beatson Research Unit (BRU). 

For the viral solution, a final concentration of 1x108 pfu of adenovirus Sp-C Cre 

and 4mM of CaCl2 was obtained and diluted in MEM. The virus and media were 

mixed first, followed by the CaCl2. The resultant solution was left to precipitate 

for a minimum 30 minutes and maximum of 60 minutes. 

For the induction of gene expression, 8-10 week old mice with the appropriate 

genetic backgrounds were used. Mice were anesthetised using a cocktail of 

Domitor and Ketamine. 45µL of the adenovirus-Sp-C Cre solution was 

administered via intranasal inhalation in a viral hood. Mice were then injected 

with antisedan directly after virus administration to reverse the effects of the 

anaesthetics more rapidly. Mice were kept in cages on heating plates (41°C) 

until fully recovered. Mice were monitored throughout the process.  Health 

checks of all experimental cohort animals were routinely undertaken. Signs for 

clinical end points included laboured breathing, pinched body phenotype and 

weight loss. Mice were humanely culled and samples harvested at point of 

clinical presentation of lung tumours. 

2.2.2.3 MDM2 P1-null and P2-mutant mice on an Eµ-MYC lymphoma model  

Mice on an Eµ-MYC background were originally obtained from Jax 

(Tg(IghMyc)22Bri; 002728) (Adams et al., 1985) and stock maintained at >20 

generations C57Bl/6. To study the MDM2 model, two models were generated and 

kindly provided by Dr. Mark Boyd (University of Liverpool) (Figure 2-2). A HET or 

HOM deletion of the P1 promoter was used to achieve removal of the 

constitutive P1 promoter. An 8 base-pair mutation was carried out on the P2 

promoter to achieve a HET or HOM loss of inducible P2 function. Both the Eµ-

MYC, MDM2 P1-null and Eµ-MYC, MDM2 P2-mutant cohorts were backcrossed on 
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the C57Bl/6 background to achieve an N>10 generation. Mice were checked 

regularly for health concerns. Upon presentation of clinical endpoints, mice 

were humanely culled and samples harvested. These end points included lymph 

node enlargement (15mm maximum of a single lymph node or combination of 

multiple); difficulties in breathing alluding to a thymic lymphoma; hunched, 

pinched body phenotype; weight loss; and swollen abdomen indicating a diffuse 

lymphoma or enlarged spleen. 

 

Figure 2-2 Schematic representation of the Eµ-MYC mice crossed onto the MDM2 P1 null 
(heterozygous/homozygous) and P2 mutated (heterozygous/homozygous) mice.  

2.2.3 Tissue collection and fixation 

Mice were humanely culled using increasing concentrations of carbon dioxide in 

a chamber followed by cervical dislocation as a secondary method. The mouse 

weight was recorded, and where possible blood was drawn for further analysis by 

cardiac puncture or through the inferior vena cava. A necropsy was performed 

and the appropriate organs were harvested. For formalin fixed paraffin 

embedded (FFPE) samples, tissues were put into 10% neutral buffered formalin. 

Samples were then changed over into 70% ethanol 18 to 24 hours later. If not, 

these were noted down and processed from formalin. 

2.2.3.1 ROCK1nc mouse model 

The thymus was weighed and harvested into formalin at various time points for 

the various in vivo experiments.  

2.2.3.2 Lung adenocarcinoma model  

For the lung mouse model, blood was drawn from the inferior vena cava. A small 

volume was put into EDTA tubes, mixed well and analysed on the IDEXX Procyte 

Dx Haematology Analyser. If enough blood was sampled, the remaining volume 
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was put into a heparin tube and centrifuged for 10 minutes at 10,000rpm. The 

plasma was then transferred to an Eppendorf and snap frozen on dry ice. The 

liver was harvested and weighed. The heart was then flushed with PBS and 

formalin was flushed through the trachea to inflate the lungs. The lungs were 

then put into formalin. These two procedures were only done for end point 

clinical tumours and not time point tumours. 

Mice were also sacrificed at 8 week post intranasal inhalation. Blood was 

sampled as mentioned above and the liver was weighed. The right lung lobe was 

put into formalin and the left into PBS on ice for flow cytometry analysis. The 

liver and lungs of KMA mice that were HEMI or HET for iRFP were imaged ex vivo 

with the Pearl Imager to determine tumour burden and if there were any 

metastatic lesions in the liver. 

2.2.3.3 MDM2 lymphoma model 

For the lymphoma model, blood was drawn by cardiac puncture. A small volume 

was put into EDTA tubes, mixed well and analysed on the IDEXX Procyte Dx 

Haematology Analyser. If enough blood was sampled, the remaining volume was 

put into a heparin tube and centrifuged for 10 minutes at 10,000rpm. The 

plasma was then transferred to an Eppendorf and snap frozen on dry ice. The 

spleen, thymus and mesenteric lymph node (MLN) were weighed. If any other 

lymph node was enlarged, including the cervical lymph or inguinal lymph nodes, 

these were also weighed. Parts of any of the enlarged organs were separated 

into 3 parts – one part for formalin, one part snap frozen in an Eppendorf, and 

one part further weighed and put into cold PBS on ice. The sample put into PBS 

was processed into a single cell suspension and frozen down for flow cytometry 

analysis. 

2.2.4 Histology 

Formalin fixed samples were embedded into paraffin cassettes and processed for 

routine haematoxylin and eosin (H&E) and further immunohistochemistry (IHC) 

stains by the Beatson Histology Service. For both H&E and IHC stains, sections 

were cut from FFPE samples at 4µM of thickness. 
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2.2.4.1 Immunohistochemistry staining on FFPE sections  

IHC stains were performed by the Beatson Histology unit. The list of antibodies, 

retrieval method, dilutions and secondary antibodies are shown in (Table 2-12). 

All primary antibodies were incubated for 35 minutes at room temperature (RT). 

Antigens were retrieved using 1 of 3 methods – the epitope retrieval 2(ER2), 

enzyme 1 (Enz1) proteinase K and antigen unmasking solution at pH6. For the 

secondary antibodies, the ImmPRESS or Envision kits were used. Liquid 3,3′-

Diaminobenzidine-(DAB) was used as the chromogen. 

Table 2-12 List of antibodies used for immunohistochemistry stains 

Antibody (Clone) Retrieval Method Dilution Secondary 
Antibody 

B220/CD45R (RA3-
6B2) 

ER2 20 minutes 1/200 Rat ImmPRESS 

Caspase 3 (ASP-175) ER2 20 minutes 1/500 Rabbit Envision 

CD3 (SP7) ER2 20 minutes 1/100 Rabbit Envision 

CD4 (4SM 95) ER2 20 minutes 1/500 Rat ImmPRESS 

CD8 (4SM 15) ER2 20 minutes 1/500 Rat ImmPRESS 

F4/80 (CI:A3-1) Enz1 10 minutes 1/100 Rat ImmPRESS 

Ly6G (IA8) ER2 20 minutes 1/60000 Rat ImmPRESS 

S100-A9 (M19) pH6 20 minutes 1/1000 Goat ImmPRESS 

 

2.2.4.2 Quantification of staining 

All H&E and IHC tissue stains were scanned and images were analysed using 

HALOTM. The modules utilised were area quantifications and immune profile 

quantifications. The area of the immune cell stains as a percentage of the tissue 

area was presented. 

2.2.5 In vivo experimental procedures 

2.2.5.1 Thymic development 

The weights of the mouse and thymus of male and female mice (WT and HOM 

ROCK1nc mice) at various ages (2, 4, 6, 8 and 10 weeks) were recorded and 
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thymus harvested into formalin. A total of 6 sections were cut from FFPE thymi 

at 100µM apart. These sections were stained with H&E and analysed by HALOTM. 

2.2.5.2 Apoptosis under physiological conditions  

The thymus from both female and male, WT and HOM ROCK1nc mice at 2, 4, 6, 8 

and 10 weeks were harvested. Sections were stained for cleaved-caspase 3 as a 

marker for apoptotic cells. 

2.2.5.3 Acute apoptosis induction by dexamethasone  

Female, 8 week old (+ 2 days) WT or HOM ROCK1nc mice were administered with 

single dose of 15mg.kg-1 dexamethasone-salt solution or equivalent volume of 

vehicle, IP. Mice were culled at 6, 12, 24 and 30 hours post IP injection. Weights 

of the mouse, thymus and spleen were recorded. The thymus was put into 

formalin.  

2.2.5.4 Preparation of dexamethasone salt  

Dexamethasone 21-phosphate disodium salt (dexamethasone salt) was prepared 

by dissolving the drug in sterile water to a concentration of 2mg/ml. In sterile 

conditions, the dexamethasone solution was then put through a 0.2µm syringe 

filter and stored at 4°C. Sterile water was used as the vehicle for control 

experiments. Dexamethasone salt was made fresh prior to the injection of each 

mouse in the experimental cohort. 

2.2.5.5 Adoptive transfer of thymocytes 

The thymus from either a WT or HOM ROCK1nc mouse (6-8 weeks old) were 

harvested and processed into a cell suspension through a 100µM filter. Red blood 

cells (RBC) were lysed using a RBC lysis buffer. Cells were plated out at 10x106 

cells per 10cm dish and treated with 1µM of dexamethasone under sterile 

conditions. Four hours later, cells were washed twice with PBS and resuspended 

to 25x106 cells/ml in PBS. Recipient WT and HOM ROCK1nc mice (sex matched to 

donors) were injected IP with 200µL of cells (5x106 cells). Two hours after 

inoculation, the host mice were culled and peritoneal washout cells were 

collected, and analysed by flow cytometry 
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2.2.6  Isolation of primary cells 

2.2.6.1 Isolation of thymocytes 

The thymus harvested from mice were put into PBS on ice. Thymi from WT or 

HOM ROCK1nc were harvested and homogenised through a 100µM filter then a 

40µM filter. Samples were then treated with a RBC lysis buffer for 3-5 minutes. 

FBS was added in order to terminate the cell lysis. Cells were resuspended in 

complete RPMI and counted for further use. 

For immune-phenotyping studies, the thymus harvested from mice was put into 

PBS on ice. The thymus was cut into small pieces using scissors. Around 5mls of 

the thymocyte digestion mix was added to the tissue in a falcon tube. The tissue 

was incubated on a shaker at 37°C for 30 minutes. The tissue was then passed 

through a 100µM filter, followed by a RBC lysis at 1x for 3-5 minutes. The RBC 

lysis is terminated using FBS. Samples were then stained for flow cytometry 

analysis (Section 2.2.10). 

2.2.6.2 Isolation of peritoneal washout cells 

Carefully, the skin was dissected while the peritoneum remained intact. Up to 

5mls of PBS was injected into the peritoneum slowly, and massaged for a few 

minutes. The mouse was then turned upside down into a petri dish, a small hole 

was cut in the peritoneum and the PBS was pushed out by massaging the belly 

with tweezers. Additional PBS was reinjected to drain out as many washout cells 

as possible. Cells were collected in PBS and stored on ice for further use. 

2.2.7 Apoptosis assays 

Thymi from WT or HOM ROCK1nc mice were harvested and isolated into 

suspension as previously described. Cells were then plated at 20x106 cells per 

9cm dish. Cells were treated either with vehicle control or 1µM of 

dexamethasone for 0 hours or 18 hours. For some experiments, cells treated for 

apoptosis induction were collected for further co-culture phagocytosis assays. 

Additionally, cells were also collected and washed with PBS. On one hand, cells 

were collected for Annexin V assays (Section 2.2.10.1). On the other, cells were 

centrifuged, at 1200rpm 4°C, for 10 minutes, in an eppendorf and pellets were 
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snap frozen and stored at -80°C for western blot analysis. Furthermore, treated 

cells were also utilised to image apoptotic membrane blebbing by scanning 

electron microscopy (Section 2.2.11.2).  

2.2.7.1 Ultraviolet induction of apoptosis  

Thymi from WT or HOM ROCK1nc mice were harvested and isolated into 

suspension as previously described. Cells were then plated at 20x106 cells per 

9cm dish. Cells were exposed to 0.3j.m2 of ultraviolet (UV) C. These cells were 

then used for co-culture phagocytosis assays analysed by the Incucyte (Section 

2.2.11.1) 

2.2.8 Phagocytosis assays 

2.2.8.1 Phagocytosis of beads 

Peritoneal washout cells were obtained from 6-8 week WT and HOM ROCK1nc – 

GFP mice. In sterile conditions, Cells were plated at a density of 160,000 cells 

per well in 24 well plates in complete RPMI. The phycoerythrin (PE)-spheres 

were added at 2:1 ratio (320,000 beads). Some wells were treated with either 

vehicle or 200ng/ml lipopolysaccharide (LPS). For flow cytometry analysis, cells 

were left in co-culture with PE-spheres for 4 hours at 37°C, 5% CO2. At 4 hours, 

the supernatant and cells were collected on ice. At all wash steps, the 

supernatant was also collected in a tube. Cells were washed with PBS and 500µl 

of cell dissociation buffer was added to each well. The plate was rocked for 5 

minutes at RT. The buffer was collected and wells were again washed with PBS. 

Tubes were then centrifuged, at 1200rpm 4°C for 5 minutes, and then 

resuspended in PBS for flow cytometry analysis. 

In addition to flow cytometry, phagocytosis assays were also analysed using the 

Incucyte Zoom as follows. Plates were placed in the Incucyte Zoom for 48 hours 

after beads were added to the wells. Over a 44 hour period, triplicate images 

were taken once per hour, per well at 10x magnification. Images were then 

analysed using the Incucyte Zoom 2016B software. 
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2.2.8.2 Co-culture phagocytosis assays 

Peritoneal washout cells were obtained from 6-8 week old GFP-WT or GFP-HOM 

ROCK1nc mice. In sterile conditions, peritoneal washout cells of each genotype 

were plated in triplicate in 24 well plates at a density of 40,000 cells/well. 

These cells were left to adhere at 37°C, 5% CO2, prior to co-culture with donor 

thymocytes.  

Donor thymi were obtained form 6-8 week old WT or HOM ROCK1nc mice that 

are sex matched to the GFP mice above. Cells were plated at 1x106 cells in 10cm 

dishes and subjected to either vehicle, 1µM dexamethasone or 0.3j.m2 UVC and 

incubated at 37°C, 5% CO2 for an hour. After washing the cells with PBS, cells 

were labelled with IncuCyte® pHrodo® red cell labelling kit for phagocytosis at 

1µg/ml following the manufacturer’s instructions. Cells were resuspended in 

complete RPMI to 400,000 cells per ml and then plated at 100µl per well in co-

culture with peritoneal washout cells. Plates were then imaged using the 

Incucyte Zoom. Triplicate images were taken once per hour, per well at 10x 

magnification over a 48 hour period. Images were then analysed using the 

Incucyte Zoom 2016B software.  

2.2.9 Isolation of tumour cells 

2.2.9.1 Lung tumour cells 

Lungs were harvested from mice as previously described (Section 2.2.3.2). Lungs 

were cut using scissors in the gentleMACSTM tubes and 5 ml of warm lung tumour 

isolation media was added. GentleMACSTM tubes were placed on the 

gentleMACSTM tissue dissociator with the heating sleeve on. Tissues were left to 

dissociate at 37°C for 30 minutes. Following this, tissues were passed through a 

40µM strainer in 50ml falcon tubes and centrifuged at 1200rpm at 4°C for 10 

minutes. Supernatant was removed and cells treated with 1x RBC lysis buffer for 

3-5 minutes. FBS was then added to terminate the lysis process. Cells were then 

resuspended in DMEM and counted for further flow cytometry analysis. 
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2.2.9.2 Lymphoma tumour cells 

Tumour tissues were harvested from mice as previously described (Section 

2.2.3.3). Each organ was homogenised through a 40µM strainer placed on a 6cm 

petri dish. The cells were flushed through with 5ml of warm complete lymphoma 

RPMI. These cells were then layered slowly onto 5ml of ficoll in a 15ml falcon 

tube. Cells were centrifuged at RT for 10 minutes at 3000rpm. The lymphocyte 

layer was carefully pipetted out and transferred to a fresh falcon tube. Cells 

were counted using the cell counter and resuspended to 5x106 cells per ml. If 

available, 3-4ml of the cells were transferred to another tube and centrifuged 

for 5 minutes at 1500rpm. Cells were resuspended in the same volume in freeze 

down medium. The cells were then put into aliquots of 1ml in appropriately 

labelled cryovials. Vials were put in a CoolCell and into the -80°C freezer. These 

cells were then used for flow cytometry analysis to assess the immune cell 

profile (Section 2.2.10.6). 

2.2.10 Flow cytometry 

2.2.10.1 Annexin V and propidium iodide for apoptotic cell detection 

Thymocytes in suspension were obtained from 6-8 week old WT and ROCk1nc 

mice as previously described. To assess cell death using flow cytometry, 

dexamethasone-treated thymocytes were washed in ice cold PBS twice. Cells 

were then stained with Annexin V and propidium iodide (PI) according the 

manufacturer’s instructions. Briefly, cells were resuspended in 1x Annexin V 

Buffer (diluted in distilled H2O) at 1x106 cells.mL-1. 100µl of this cell solution was 

transferred to a 5ml flow cytometry tube. To this, 5µl of Annexin V and 5µl of PI 

were added. Samples were vortexed and left at room temperature for 15 

minutes away from light. Following this, 400µl of Annexin V buffer was added 

and samples were run on the Attune NxT Flow Cytometer within an hour. 

Analysis of data was done using FloJoV10 software. 

2.2.10.2 Immunophenotyping 

Cells in suspension were washed and resuspended in PBS to roughly 5x106 

cells/ml. 200µl of cells were transferred to a 96 well U- bottom plate. All 

incubations were done at 4°C, and centrifugation steps at 4°C 1200rpm for 5 
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minutes. Cells were centrifuged and 100µl of fixable viability dye in PBS was 

added, and incubated for 15 minutes. Cells were centrifuged and 50 µl of FC 

Block in FACS buffer was added and incubated for 15 minutes. Following this, 

antibody cocktails were made in Brilliant Stain Buffer. The antibody cocktail was 

added at 50µl per well and incubated for 20-30 minutes. Cells were centrifuged, 

and 100µl of secondary antibody if required was added and incubated for at 

least 10 minutes. Cells were washed in PBS and centrifuged. For panels without 

intracellular staining, cells were fixed in 2% PFA for 15 minutes. For panels that 

required intracellular transcription factor staining (FOXP3), cells were fixed and 

stained for FOXP3 using True-Nuclear Transcription Buffer Set following 

manufacturer’s instructions. All samples were then resuspended in FACS buffer 

post fixation and stored at 4°C. Samples were processed using the Attune NxT 

Flow Cytometer not more than 2 days post staining. Analysis of data was done 

using the FloJo V10 software. 

2.2.10.3 Profiling for phagocytic cells 

Peritoneal washout cells were isolated and processed for flow cytometry analysis 

to determine the immune cell types found in the washout cells and which cells 

are capable of phagocytosis. The antibody panel used in the flow cytometry 

analysis are shown in Table 2-13. 

Table 2-13 Peritoneal washout panel for profiling and phagocytosis analysis  

Antigen Fluorophore Concentration 

CD11b BV570 1/200 

CD11c BV711 1/200 

CD19 APC 1/200 

Fixable Viability Dye Pe-Eflour 710 1/1000 

F4/80 FITC 1/200 

Spheres PE 2:1 (Spheres:Cells) 

TCRβ BV421 1/100 
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2.2.10.4 Immune profiling in the thymus 

The thymi isolated from a variety of ages (4, 6, 8 and 10 weeks) of WT and 

ROCK1nc mice were put into a single cell suspension. Cells were counted and 

stained for a T-cell panel (Table 2-14) and myeloid cells (Table 2-15).  

Table 2-14 T cell panel list of antibodies and concentrations for the thymus 

Antigen Fluorophore Concentration 

CD25 AF700 1/100 

CD3 PE 1/200 

CD4 Percp-Cy5.5 1/200 

CD44 Pe-Eflour610 1/200 

CD45 BV570 1/200 

CD8α PE-Cy7 1/200 

Fixable Viability Dye Pe-Eflour 710 1/1000 

FOXP3 AF647 1/100 

Streptavidin BV711 1/400 

TCRβ BV421 1/100 

TCRγδ Biotin 1/100 

 

Table 2-15 Myeloid cells panel list of antibodies and concentrations for the thymus 

Antigen Fluorophore Concentration 

CD11b BV570 1/300 

CD11c BV711 1/200 

CD45 BV510 1/200 

F4/80 FITC 1/200 

PDCA1 Percp-Cy5.5 1/100 

Siglec-H APC 1/100 
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2.2.10.5 Immune profiling of KMA tumours at an 8 week time point  

Cells from tumour-bearing lungs of 8 week old KMA- WT and HOM ROCK1nc mice 

were obtained and processed as described previously. Cells were then counted 

and stained for a T-cell (Table 2-16) and myeloid panel (Table 2-17). 

Table 2-16 T cell panel list of antibodies and concentrations for lung tumours 

Antigen  Fluorophore Concentration 

CD3 FITC 1/200 

CD4 Percp-Cy5.5 1/200 

CD44 Pe-Eflour 610 1/200 

CD8α Pe-Cy7 1/200 

Fixable Viability Dye Pe-Eflour 710 1/1000 

FOXP3 AF647 1/100 

CD19 APC-Cy7 1/200 

NK1.1 BV421 1/50 

Streptavidin PE 1/400 

TCRγδ Biotin 1/100 

 

Table 2-17 Myeloid cells panel list of antibodies and concentrations for lung tumours 

Antigen (Clone) Fluorophore Concentration 

CD11b PE 1/300 

CD11c BV711 1/200 

F4/80 AF647 1/200 

Fixable Viability Dye Pe-Eflour 710 1/1000 

Ly6C BV421 1/300 

Ly6G Pe-Cy7 1/200 

MHCII Percp-Cy5.5 1/400 

 

2.2.10.6 Immunophenotyping of endpoint lymphoma tumours  

The frozen vials of lymphoma cell suspensions were thawed and resuspended in 

5ml of warm complete RPMI. Cells were then centrifuged at 1200rpm for 5 
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minutes at 4°C. Cells were then counted and resuspended in PBS to achieve 

5x106 per ml. Two different panels of antibodies were used to determine the 

lymphoma profile – a T-cell panel and a B-cell panel as shown below. 200µl of 

cells were added to each well of a 96 well plate. Cells were stained as described 

above and processed on the Attune Flow Cytometer within 3 days and analysed 

using FloJoV10 software. 

Table 2-18 T cell panel list of antibodies and concentrations for lymphoma tumours 

Antigen Fluorophore Concentration 

CD3 PE 1/200 

CD4 APC 1/200 

CD45 BV510 1/200 

CD8α Pe-Cy7 1/200 

Fixable Viability Dye Pe-Eflour 710 1/1000 

 

Table 2-19 B cell panel list of antibodies and concentrations for lymphoma tumours 

Antigen Fluorophore Concentration 

B220 PercpCy5.5 1/200 

IgD FITC 1/100 

IgM PE 1/100 

Fixable Viability Dye Pe-Eflour 710 1/1000 

 

2.2.11 Microscopy 

2.2.11.1 Incucyte  

Phagocytosis was assessed using the Incucyte zoom microscopy system. The 

incucyte was utilised for imaging of both the phagocytosis of beads and 

apoptotic cells. Cells were visualised at 10x objective (4464) for phase, green 

fluorescence and red fluorescence image acquisition for 48 hours, every hour. 

Triplicate images were taken of each well every hour. The average of the 

triplicates per well for the green and red fluorescent signals were calculated. 
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The overlap of the red and green area normalised to background signals to 

determine phagocytosis. 

2.2.11.2 Scanning electron microscopy 

Cells were washed with ice-cold PBS. Samples were then fixed with 1.5% 

glutaraldehyde in 0.1M sodium cacodylate solution in suspension that was kindly 

supplied by Margaret Mullen (University of Glasgow) for 1 hour at room 

temperature. Following this, samples were washed twice in 0.1M sodium 

cacodylate for 10 minutes each, then stored in 0.1M sodium cacodylate solution 

at 40C until required for processing. Samples were kindly processed by Margaret 

Mullen (CPD method) using a JEOL 6400 Scanning microscope at the Electron 

Microscopy Facility at the University of Glasgow. 

2.2.12 Protein extraction and analysis  

2.2.12.1 Preparation of cell lysates 

Frozen cell pellets were thawed. Around 30-50µl of a RIPA buffer and 1x protein 

inhibitor solution was added to each sample. Samples were transferred to a 

QiaShredder and centrifuged at room temperature at 13,000rpm for 2 minutes. 

Samples were transferred to a fresh Eppendorf and put on ice for 30 minutes and 

centrifuged at 13,000rpm for 10 minutes at 4°C. Cell lysates were transferred to 

a fresh Eppendorf. Protein concentrations were determined using a bicinchoninic 

acid (BCA) assay. Protein lysates were kept at 4°C until required for gel 

electrophoresis and western blotting. 

2.2.12.2 Determining protein concentration  

Protein concentrations were determined using a BCA assay. Briefly, a standard 

was created from a 2mg/ml stock of bovine serum albumin in SDS lysis buffer at 

0, 0.08, 0.1, 0.2, 0.4, 1 and 2 mg/ml. In a flat 96 well plate, 10µl of either lysis 

buffer (blank), standard or a 1 in 2 diluted sample (in RIPA buffer) was added. 

190l of developing solution, BCA at a 50:1 ratio with Copper Sulphate was 

added to each well from the PierceTM BCA Protein Assay Kit. The plate was 

incubated at 37°C for 30 - 60 minutes. The absorbance was measured using 
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Molecular Devices Microplate Reader. Concentrations of the samples were 

extrapolated from the standards.  

2.2.12.3 SDS-Polyacrylamide gel electrophoresis 

Protein samples were separated by their molecular weight based using SDS-

Polyacrlamide gel electrophoresis (PAGE). The appropriate volume for 25-30µg 

of each sample was added to 10x NuPage SDS sample reducing agent (final 1x 

concentration) and 4x NuPage LDS sample buffer (final 1x concentration). 

Samples were boiled at 90°C for 5 minutes. Samples were centrifuged at 

13,000rpm at room temperature for 5 minutes. A 1x solution of MES or MOPS 

were added to gel tanks. Around 25-30µL of sample was added to the 

appropriate wells of the precast NuPage 4-12% BIS TRIS gels, as well as 3-5µL of 

Precision Plus Protein Dual Colour Standard and Precision Plus Protein All Blue 

Standards. Gels were run using the BioRad machine at 180V until the standards 

were separated and tracking dye reached the bottom of the gel. Gels were then 

removed and used for western blotting.  

2.2.13 Western Blotting  

A wet transfer was utilised, to transfer gels onto nitrocellulose membranes using 

the Bio-Rad PowerPac HC. With each gel, the sponges, 4 filter papers and 

nitrocellulose membranes were pre-wet in the blotting buffer. The sponges, 

filter paper, membrane and gel were stacked in each cassette. The transfer was 

run at 100V for 1 hour. Membranes were then blocked in 5% (w/v) of milk 

powder in 1x TBST, for 30-60 minutes at room temperature. The primary 

antibodies were diluted to required concentrations in 5% Milk 1x TBST and 

incubated overnight, rocking at 4°C, as specified in Table 2-20.Membranes were 

then washed 3 times in TBST for 10 minutes each. The loading control was then 

added at the required concentration and membranes were incubated for 1 hour 

at room temperature. Blots were washed 3 times in 1x TBST for 10 minutes 

each. Blots were then incubated with secondary antibody in 5% Milk 1x TBS-T for 

1 hour at room temperature away from light. Blots were then washed 3 times in 

1x TBS-T for 10 minutes each, once in TBS for 10 minutes and stored in TBS. The 

protein bands were visualised using the LI-COR Odyssey System. Western blot 

images were then edited on the Image Studio. 
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Table 2-20 List of antibodies used in western blotting  

Antibody Concentration Type 

Caspase-3 1/1000 Primary 

Cleaved Caspase 3 1/1000 Primary 

ROCK1 1/250 Primary 

AF 488 1/20000 Secondary 

AF-800 1/20000 Secondary 

α-Tubulin 1/2000 Loading Control 

 

2.2.14 Release of intracellular molecules 

2.2.14.1 LDH assay 

Thymi were harvested from 6-8 week old WT and HOM ROCK1nc mice, then 

processed into a cell suspension as previously mentioned. Cells were plated in 96 

well plates at 20,000 cells per well in 100µl. Cells were treated with either 

vehicle or 1µM of dexamethasone for 4, 8 or 24 hours. The lactate 

dehydrogenate (LDH) levels were analysed at 4 and 8 and 24 hours post 

treatment as per manufacturer’s instructions. Briefly, the plate was centrifuged 

and 50µl of supernatant was transferred to a new 96 well flat bottom plate. To 

this, 50µl of the reaction mixture was added and incubated for 30 minutes at 

room temperature, away from light. The reaction was stopped by adding a stop 

solution from the manufacturer’s kit. The absorbance was measured at 490nm 

and 680 nm using the SunriseTM Tecan machine.  

2.2.15 Statistical analysis  

Graphpad Prism 8 software was utilised to create graphs and carry out 

appropriate statistical analyses. A statistical significance of p<0.05 was set as a 

standard for all analysis. Non-parametric analysis was used in all cases. The 

statistical test carried out for individual experiments are stated in the figure 

legends. Survival curves were analysed using the Log Rank (Mantel-Cox) test.  

 



Chapter 3  84 

3 ROCK1-mediated apoptotic membrane blebbing 
in thymic development  

3.1 Introduction 

3.1.1 Thymic development and homeostasis 

Tissue development and tissue homeostasis both rely heavily on the apoptotic 

process. The thymus in particular, requires efficient apoptosis to generate 

functioning T-cells (Kurd and Robey, 2016). The thymus is fully developed prior 

to birth and involutes in humans over time from infancy to adulthood (Murray et 

al., 2003). Thymic involution, also known as atrophy, occurs in all vertebrates 

(Shanley et al., 2009). Although it is not fully understood why thymic involution 

occurs, this phenomenon is underpinned by a decrease in T-cell production, 

replacement of epithelial tissue with adipose tissue, and a decline in immune 

function with age (Gordon and Manley, 2011, Ge and Zhao, 2013, Palmer et al., 

2018). The production of functional T-cells in the thymus begins during 

embryonic development but slow down as the thymus involutes. Immature T-

cells (thymocytes) arriving from the bone marrow, undergo positive and negative 

selection to restrict the major histocompatibility complex (MHC) to either a CD4 

or CD8 lineage and to eliminate self-reactive T-cells. It is estimated that over 

90% of thymocytes fail either positive or negative selection, prompting apoptosis 

to be triggered in the majority of cells (Huesmann et al., 1991, Shortman et al., 

1990). The high level of apoptotic thymocytes illustrates the elevated apoptotic 

activity in the thymus. However, despite the preponderance of apoptosis in the 

thymus, direct evidence of apoptotic cells remains elusive due to efficient cell 

clearance (Nakanishi et al., 2011).  

3.1.2 T-cell development process 

The T-cell developmental process begins with positive selection in the outer 

cortex and ends with negative selection in the inner medullary area (Figure 3-1) 

(Klein et al., 2014). During the selection stages, APCs and epithelial cells 

contribute to the spatio-temporal microenvironment required for T-cell 

development (Germain, 2002). Lymphoid progenitor cells that arrive in the 

thymus do not express either CD4 or CD8 MHC surface expression markers, or 

components of the T-cell receptor (TCR) complex (including the variable αβ or 
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γδ chains, and CD3). Thus, these thymocytes are classed as double negatives 

(DN) which are further subdivided into 4 developmental stages (DN1-4) (Godfrey 

et al., 1993). Each double negative stage is categorised according the expression 

of two surface markers, CD44 and CD25, and characterised as follows: DN1, 

CD25- CD44+; DN2, CD25+ CD44+; DN3, CD25+ CD44-; DN4, CD25- CD44-. DN 

thymocytes can either express αβ or γδ variable chain on their TCRs (Robey and 

Fowlkes, 1994). Following the DN stage, cells begin to express of the αβ and CD3 

components of the TCR complex, followed by the co-expression of both CD4 and 

CD8, leading to these cells being called double positives (DP). Up to 90% of the 

lymphoid compartment are made of DP cells in a young individual’s thymus 

(Robey and Fowlkes, 1994). Of the DP thymocytes, around 90% of these have 

TCRs that engage weakly with MHC ligands on cortical epithelial cells, resulting 

in their failure to pass positive selection. (Merkenschlager et al., 1997). Cells 

failing positive selection die by neglect, which is essentially delayed apoptosis. 

Additionally, roughly 5% of DP cells engage too strongly with self-peptides 

particularly on dendritic cells, thus leading to their failure to pass negative 

selection as well (Matzinger and Guerder, 1989). Failing negative selection 

triggers acute apoptosis, yielding a small population of immature T-cells that 

appropriately engage with self-peptides and MHC-complexes, which will 

subsequently matures. Thymocytes that engage with MHC-class I peptides 

become CD8+ (cytotoxic) T-cells, whilst cells that interact with MHC-class II 

peptides become CD4+ (helper or regulatory) T-cells (Germain, 2002). These T-

cells are then exported from the medulla into the blood stream.  
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Figure 3-1 T-cell development process in the thymus. Lymphoid progenitor cells enter the 
cortex. The progenitor cells, or thymocytes when in the cortex, are known as double negatives 
(DN), as they lack lineage specific markers. There are 4 DN stages categorised based on 
expression of CD24 and CD44 - DN1 (CD25

-
 CD44

+
); DN2 (CD25

+
 CD44

+
); DN3 (CD25

+
 CD44

-
); 

DN4 (CD25
-
 CD44

-
). DN4 thymocytes turn into double positive (DP) cells as they go through 

rearrangement of the T-cell receptor (TCR), yielding an αβ TCR and the expression of both CD4 
and CD8. DP cells interact with epithelial and dendritic cells via the major histocompatibility class 
(MHC) I or II. DP that interact with MHCI adequately become CD8 T-cells whilst those interacting 
with MHCII become CD4 T-cells. DP cells that do not engage or engage weakly with self-peptides 
on the MHC complex undergo cell death. DP positive cells that interact too strongly with the MHC 
complex also succumb to apoptosis. The single positive CD4 and CD8 cells then exit the thymus 
via blood vessels. This figure was adapted (Germain, 2002) and made using contents from Servier 
Medical Art, under the Creative Commons Attribution 3.0 Unported License. 
https://smart.servier.com/ 

3.1.3 Experimental Aims 

Given the function of the thymus in the development of T-cells coupled with the 

important role of apoptosis, it is not surprising that ROCK1, but not ROCK2, 

protein levels were shown to be relatively elevated in this organ (Julian and 

Olson, 2014). Based on the premise of high apoptotic activity and high ROCK1 

levels, the thymus was ideal to study the role of ROCK1-mediated apoptotic 

blebbing for effective execution of apoptosis in normal tissue homeostasis using 

the ROCK1nc mouse model. 

Previous findings from the Olson lab have demonstrated a role for ROCK1-

mediated apoptotic membrane blebbing in the context of hepatocellular 
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carcinoma (Julian, 2015, Naylor, 2019). This project aims to investigate the role 

of apoptotic membrane blebbing in a different organ, the thymus. The objective 

of this study is to explore the function of ROCK1-mediated apoptotic membrane 

blebbing in thymic homeostasis and development, looking at the anatomical 

properties, apoptosis, as well as cellular subtypes. Data from the tissue-specific 

gene expression and regulation (TiGER) showed greater levels of ROCK1 in the 

thymus (Julian and Olson, 2014). Additional, data from mouse RNAseq data on 

the bloodspot database has also shown relatively high expression of ROCK1 in 

lymphocytes, including T-cells (Bagger et al., 2018).  

To assess the role of ROCK1-mediated apoptotic membrane blebbing, the 

ROCK1nc (non-cleavable) mouse model was utilised. This mouse model contains 

the non-cleavable form of ROCK1, as there are mutations in the caspase-3 

cleavage site on all cells. Only the apoptotic membrane blebbing function of 

ROCK1 is disrupted whilst other biological functions of ROCK1 remain intact. 

Given the relatively high ROCK1 levels and apoptotic activity, as well as previous 

data in the lab showing that the ROCK1nc mutation does indeed affect apoptotic 

membrane blebbing in other cell types, I hypothesised that defective blebbing 

due to the ROCK1nc mutation might alter thymic development, homeostasis and 

the landscape of cellular populations found in the thymus.  

3.2 Results  

3.2.1 ROCK1nc mice exhibit normal thymic involution rates 

Thymic involution occurs in both male and female vertebrates from infancy 

(Shanley et al., 2009). In order to assess whether this was altered in ROCK1nc 

mice, thymus and body weights were recorded for males and females at various 

ages from 2 to 10 weeks. The thymic weights were similar between the two 

genotypes over the various ages (Figure 3-2A, B). The weights of the thymus 

itself gradually increased from 2 to 6 weeks, and decreased gradually at 8 and 10 

weeks for both ROCK1wt and ROCK1nc male and female mice. The body weights 

were also similar between the genotypes over time (data not shown). The 

thymic to body weight ratios of ROCK1wt and ROCK1nc were similar over the 

various ages within each gender as well (Figure 3-2C, D). No differences were 

observed in decrease in the thymic to body ratio between the genotypes for both 
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males and females. These data suggests that the ROCK1nc mutation does not 

alter the thymic weight ratios or involution rates.  

 

Figure 3-2 ROCK1nc male and female mice displayed similar thymic weights and 
thymic/body weight ratios and compared to ROCK1wt counterparts over time. A,B) The 
thymus weight (mg) of ROCK1wt and ROCK1nc male and females were recorded when harvested 
at the various ages (2-10 weeks). Data points represent individual mice, error bars represent mean 
+ SD. (Males – ROCK1wt 2wk N=9, 4wk N=26, 6wk N=14, 8wk N=10, 10wk N=14; ROCK1nc 2wk 
N=5, 4wk N=23, 6wk N=13, 8wk N=9, 10wk N=15; Females – ROCK1wt 2wk N=6, 4wk N=25, 6wk 
N=11, 8wk N=5, 10wk N=11; ROCK1nc 2wk N=5, 4wk N=23, 6wk N=12, 8wk N=14, 10wk N=17). 
The slope was determined from linear regression analysis. Points represent individual mice (N 
numbers indicated in the table). 

3.2.2 ROCK1nc mutation transiently affects thymic cellularity  

Thymic cellularity was also assessed and compared between ROCK1nc and 

ROCK1wt mice, considering also age, strain and sex of ROCK1wt mice, The 

thymus from male and female, ROCK1wt and ROCK1n mice were harvested at 

various ages (4, 6, 8 and 10 weeks) and isolated as single cell suspensions. Cells 
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were then counted using a CASY counter prior to immunophenotyping. 

Interestingly, although the cellularity at 4 and 6 weeks were comparable 

between genotypes, there was a significant increase in the cell count of 

ROCK1nc at 8 weeks (Figure 3-3). This difference however, disappeared at 10 

weeks. There were no differences between the genders of each genotype at the 

various weeks. This could suggest that there may be a difference at 8 weeks in 

thymic development in ROCK1nc mice. However, the normalisation of thymic 

cellularity by 10 weeks would suggest that this difference is only temporary. 

 

Figure 3-3 Thymic cellularity is transiently affected at 8 weeks in ROCK1nc mice. The cell 
counts were at comparable levels at 4, 6 and 10 weeks. Cell counts from male and female, 
ROCK1nc thymi were signifcantly increased at 8 weeks compared to ROCK1wt mice (p=0.0006). 
This difference however, disappeared at 10 weeks old. Statistical signficance was determined 
using the Mann-Whitney test. Points represent individual mice, error bars represent meant + SD (4 
wks – ROCK1wt N=14 (6 males, 8 females), ROCK1nc N=16 (9 males, 7 females); 6 weeks 
ROCK1wt N=16 (8 males, 8 females), ROCK1nc N=17 (8 males, 9 females); 8 weeks ROCk1wt 
N=16 (9 males, 7 females), ROCK1nc N=17 (9 males, 8 females); 10 weeks ROCK1wt N=17 (11 
males, 6 females), ROCK1nc N=17 (7 males, 10 females). 

3.2.3 ROCK1nc mice display normal thymic architecture  

Thymic architecture is another parameter that can be used to assess thymic 

development. The thymus consists of two main areas, the cortex and the 
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medulla (Ueno et al., 2004). The cortex is the outer area where immature 

thymocytes sit and the medulla is the inner region where mature T-cells are 

found before entering the circulation. To investigate thymic architecture, 

formalin-fixed paraffin embedded thymi from male and female, ROCK1wt and 

ROCK1nc mice of various ages (2, 4, 6, 8 and 10 weeks) were sectioned 100µm 

apart for a total of 6 sections. Haematoxylin and eosin (H&E) stains of these 

sections were analysed using HALOTM software to determine the cortical and 

medullary areas. These two areas are histologically distinguishable on an H&E 

stains whereby the darker areas are the cortex and the lighter areas are the 

medulla (Figure 3-4).  

Using a customised algorithm on HALOTM, the medullary and cortical areas were 

determined. An average of the 6 sections was taken to assess the architecture 

through the thymus. No significant differences were observed in the percentage 

area of the cortical or medullar areas between ROCK1wt and ROCK1nc mice 

(Figure 3-5). There were no differences between the genders of each genotype 

at the various weeks. The cortex contains immature thymocytes, which far 

outnumber mature thymocytes found in the medulla, which is naturally reflected 

in the greater cortical area in both ROCK1wt and ROCK1nc thymi. The cortex 

was consistently around 80% of the tissue area analysed at the various ages. The 

medullary area, on the other hand, was consistently around 20% of the tissue 

area. These data suggest that the ROCK1nc mutation does not affect thymic 

architecture of either male or female mice at various ages.  

 

Figure 3-4 Representation of the HALO
TM

 algorithm used to determine the cortical and 
medullary areas. The tissue section (A), boundary is annotated (B) as denoted by the yellow line. 
The software was then trained to recognise the cortical (green) and medullary (red) areas (C). The 
area analysed is shown in yellow (D). The areas for both the cortical and medullary area were 
analysed for each section.  
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Figure 3-5 The ROCK1nc mutation does not affect thymic cortical and medullary areas. 
HALO

TM
 quantification of the cortical and medullary areas from H&E stained sections of ROCK1wt 

and ROCK1nc thymi revealed no signifcant differences between the genotypes at the various ages 
(2, 4, 6, 8 and 10 weeks). Each thymi from male and female mice of each genotype was cut into 6 
sections, 100µm apart. Points represent individual mice, error bars represent meant + SD (2 weeks 
ROCK1wt N=11 (6 males, 5 females) ROCK1nc N=9 (5 males, 4 females); 4 weeks ROCK1wt 
N=10 (5 males, 5 females) ROCK1nc N=10 (5 males, 5 females); 6 weeks ROCK1wt N=9 (4 
males, 5 females) ROCK1nc N=7 (4 males, 3 females); 8 weeks ROCK1wt N=9 (5 males, 4 
females) ROCK1nc N=11 (6 males, 5 females).  

3.2.4 Levels of apoptotic cells are unchanged in ROCK1nc thymi 
under physiological settings 

As the ROCK1nc mutation affects apoptotic membrane blebbing, assessing 

residual detectable apoptotic cells would provide a good indication if clearance 

of the apoptotic cells was affected. Under physiological conditions, it is rare to 

find traces of apoptotic cells, even if there is high apoptotic activity as seen in 

the thymus (Elliott and Ravichandran, 2010) due to highly efficient clearance. In 
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order to investigate clearance, the thymus from male and female ROCK1wt and 

ROCK1nc mice were harvested at various ages (2, 4, 6, 8 and 10 weeks). The 

formalin fixed paraffin-embedded thymi were stained with antibody that detects 

cleaved caspase-3 (Cl. Casp3), a marker of an apoptotic cell (Figure 3-6). At the 

various ages, the percentage of cleaved caspase-3 positive cells were all 

relatively low at less than 0.5% per tissue (Figure 3-7). No significant differences 

were observed between the percentages of cleaved caspase-3 in ROCK1wt and 

ROCK1nc mouse cohorts. There were no differences between males and females 

in each genotype. This would indicate that the ROCK1nc mutation does not 

affect the levels of apoptotic cells detected and, by extension, does not affect 

cell clearance either.  
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Figure 3-6 Representative cleaved caspase-3 staining of thymus sections from ROCK1wt 
and ROCK1nc mice. ROCK1wt and ROCK1nc male and female mice were harvested at various 
ages (2, 4, 6, 8 and 10 weeks). Formalin-fixed paraffin-embedded (FFPE) thymus tissues were 
sectioned at 4 µm and stained with antibody that detects cleaved caspase-3. Stains are at a 20x 
magnification and scale bars at 100 µm. Cleaved caspase-3 positive cells are brown in colour. 
Representative of N=7-10 per genotype, per time point.  
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Figure 3-7 The ROCK1nc mutation does not alter the levels of detectable apoptotic cells. 
ROCK1wt and ROCK1nc male and female mice were harvested at various ages (2, 4, 6, 8 and 10 
weeks). Formalin-fixed paraffin-embedded (FFPE) thymic tissues were sectioned at 4 µm and 
stained with cleaved caspase-3 (Cl.Casp3) antibody. The area of staining was quantified using 
HALO

TM
. The percentage of cleaved caspase-3 staining area to tissue area of  male and female 

ROCK1wt and ROCK1nc thymi across the various ages were determined. Data points represent 
individual mice, error bars represent mean + SD. 2 weeks ROCK1wt N=8 (3 males, 5 females) 
ROCK1nc N=7 (4 males, 3 females); 4 weeks ROCK1wt N=8 (5 males, 3 females) ROCK1nc N=9 
(4 males, 5 females); 6 weeks ROCK1wt N=9 (4 males, 5 females) ROCK1nc N= 7 (3 males, 4 
females); 8 weeks ROCK1wt N=8 (4 males, 4 females) ROCK1nc N=8 (4 males, 4 females); 10 
weeks ROCK1wt N=10 (5 males, 5 females) ROCK1nc N=10 (5 males, 5 females). 
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3.2.5 Overall physiological levels of macrophages are unchanged 
in ROCK1nc mice 

Investigating physiological levels of macrophages is another important aspect to 

determine if the ROCK1nc mutation would affect this phagocytic population. 

Immunohistochemistry was performed by staining FFPE thymi sections from 

ROCK1wt and ROCK1nc mice at various ages (2, 4, 6, 8 and 10 weeks) with an 

antibody that detects the macrophage marker F4/80. The percentage of F4/80 

cell staining in thymic tissues was below 0.7% at all ages for both genotypes 

(Figure 3-9). At two weeks, ROCK1nc cohorts had significantly less F4/80 staining 

in comparison to ROCK1wt cohorts. At all other time points, the percentage of 

F4/80 staining was at comparable levels between ROCK1wt and ROCK1nc 

cohorts. These results suggest that although there was a difference seen at a 

young age between the genotypes, the level of macrophages were unchanged in 

ROCK1nc cohorts. No differences were observed between male and female mice 

of each genotype. This would indicate that the ROCK1nc mutation and, by 

extension, defective apoptotic membrane blebbing does not affect the 

macrophage population, likely having no effect on cell clearance as well. 
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Figure 3-8 Representative F4/80 staining of thymus sections from ROCK1wt and ROCK1nc 
mice. ROCK1wt and ROCK1nc male and female mice were harvested at various ages (2, 4, 6, 8 
and 10 weeks). FFPE thymic tissues were sectioned at 4 µm and stained with F4/80. Stains are at 
a 20x magnification and scale bars at 100 µm. F4/80 positive cells are brown in colour. 
Representative of N=7-10 per genotype, per time point. 
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Figure 3-9 The ROCK1nc mutation did not alter the levels of macrophages.  ROCK1wt and 
ROCK1nc male and female mice were harvested at various ages (2, 4, 6, 8 and 10 weeks). FFPE 
thymic tissues were sectioned at 4 µm and stained with F4/80 antibody. The area of staining was 
quantified using HALO

TM
. The percentage of F4/80 stained cells relativel to total cell numbers for  

male and female ROCK1wt and ROCK1nc thymi across the various ages were determined. Data 
points represent individual mice, error bars represent mean + SD (2 weeks N=10 (5 males, 5 
females) for both genotypes; 4 weeks ROCK1wt N=10 (5 males, 5 females) ROCK1nc N=9 (5 
males, 4 females); 6 weeks N=10 (5 males, 5 females) for both genotypes; 8 weeks ROCK1wt 
N=10 (6 males, 5 females) ROCK1nc N=10 (5 males, 5 females); 10 weeks ROCK1wt N=10 (4 
males, 6 females) ROCK1nc N=8 (5 males, 3 females). 

3.2.6 Characterisation of cell subsets in the thymus 

Apoptosis is inherent to the T-cell developmental process. As such, investigating 

whether the ROCK1nc mutation would affect cellular populations would provide 

insight into the role of apoptotic membrane blebbing in T-cell and thymic 

development. Immunophenotyping of the T-cell subsets and myeloid subsets by 

flow cytometry was used to assess the cellular populations. Briefly, thymi 
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obtained from both male and female ROCK1wt and ROCK1nc mice at various 

ages (4, 6, 8 and 10 weeks) were isolated as single cell suspensions and 

subsequently stained for T-cell and myeloid antibody panels. Cells were then run 

on the Attune Flow cytometer and analysed using the FloJo software. 

3.2.6.1 The ROCK1nc mutation display a variation of T-cell subpopulations 
at various ages 

T-cell populations were also investigated to explore whether defective apoptotic 

membrane blebbing affected T-cell development. To determine this, cells 

isolated from thymi were stained with T-cell specific markers. In this T-cell 

panel, the cells of interest are double negative (CD4-, CD8-), double positive 

(CD4+, CD8+), single positive (CD4+ TCRβ, CD8+ TCRβ), CD4+ regulatory (Tregs) or 

γδ T-cells (Figure 3-10). The immature T-cell populations appeared to change 

over time (Figure 3-11). The levels of double positive cells were comparable 

between ROCK1wt and ROCK1nc mice at 4 weeks. At 6 and 10 weeks, the levels 

of double positive cells seemed to be higher in ROCK1nc mice than ROCK1wt 

mice, although not statistically significant. At 8 weeks, there is a statistically 

significant higher level of double positive cells in ROCK1nc mice compared to 

ROCK1wt mice.  

The double negative population appeared to be variable between mice. 

Interestingly, mice had a significantly higher number of DN cells at 4 weeks of 

age. At 6 weeks, the double negative population did increase, followed by a 

reduction at 8 weeks and slight increase again at 10 weeks in both genotypes. 

There were similar levels of double negative cells between ROCK1wt and 

ROCK1nc mice at 6, 8 and 10 weeks. The double negative population was further 

divided into 4 subpopulations – DN1, DN2, DN3 and DN4. The data do show 

variability in both ROCK1wt and ROCK1nc cohorts at the various ages. At 4 weeks 

of age, the DN3 and DN4 populations were statistically significant in ROCK1nc 

mice. These two subpopulations were what contributed to significantly greater 

DN populations. At 6 weeks, there were comparable double negative cells 

between the two genotypes. The subpopulations of double negative cells 

opposed each other and ultimately cancelled each other out. There was less 

variability at 8 and 10 weeks in both genotypes. Although there were statistically 

significant greater DN1, DN2 and DN3 populations in the ROCK1nc cohort 
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compared to ROCK1wt cohort, there was no overall difference in the DN 

population.  

The mature positive T-cell populations levels were also variable in ROCK1wt and 

ROCK1nc cohorts over time (Figure 3-12). There were comparable CD4 cellular 

levels at 4 weeks of age for both genotypes. The CD4 T-cell population was 

statistically significantly greater in ROCK1nc mice in comparison to ROCK1wt 

mice at 6 and 8 weeks of age. Although not statistically significant, there 

seemed to be greater numbers of CD4 cells in ROCK1nc mice at 10 weeks of age. 

Interestingly, there was a statistically significantly higher level of CD8α T-cells in 

ROCK1nc cohorts in comparison to ROCK1wt cohorts. Although not statistically 

significant at 10 weeks, there appeared to be greater numbers of CD8α T-cells in 

ROCK1nc mice. For both the singe positive CD4 and CD8α T-cells, there seemed 

to be a trend, with highest peak of cells at 6 weeks then gradually reducing at 8 

and 10 weeks. The γδ T-cell population was statistically significantly higher at 6 

and 8 weeks in ROCK1nc mice, whilst the regulatory T-cell populations were only 

statistically significantly higher at 8 weeks in ROCK1nc mice. ROCK1wt and 

ROCK1nc mice displayed similar levels of γδ T-cells, as well as regulatory T-cells 

in the thymus at 10 weeks. In all the cell populations assessed, male and female 

mice of each genotype had comparable levels of cells.  

Taken together, the flow cytometry data suggest that there are some subtle 

differences between the genotypes in their T-cell distributions. Although the 

results were significantly different at some of the ages, there was a high degree 

of variability and these differences did not appear to perturb thymocyte 

development. Thus, within the T-cell populations explored here, most T-cell 

subpopulations were comparable between ROCK1wt and ROCK1nc populations. 

Interestingly, the CD4 and CD8α T-cell populations seem to be consistently 

higher in ROCK1nc mice compared to ROCK1wt mice. These results suggest that 

alterations of apoptotic membrane blebbing do not dramatically alter T-cell 

developmental processes. 
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Figure 3-10 Representative flow cytometry gating strategy for T-cell phenotyping. All cells 
were gated in panel A, followed by a doublet exclusion in B. Gates were then applied on live cells 
in C. The γδ-T cells were then gated by selecting for cells that were double positive for CD45 and 
CD3 in panel D, followed by cells positive for the δγ T-cell receptor (TCR) in panel E. For the other 
cells types of interest, live cells were separated based on expression levels of CD4 and CD8 (H). 
Cells positive for both CD4 and CD8 are the double positive (DP) cells. Cells that were negative for 
CD4 and CD8 are the double negative (DN) cells. The double negatives (DN) were further 
subtyped based on CD25 and CD44 expression (L). These include the DN1 (CD25

-
 CD44

+
), DN2 

(CD25
+
 CD44

+
), DN3 (CD25

+
 CD44

-
) and DN4 (CD25

-
 CD44

-
). The mature CD8 T-cells were gated 

based on CD8 positivity in panel H, followed by CD45 and CD3 positive in panel I, and finally by 
TCRβ positivity in panel H. Mature CD4 cells were gated on single positive CD4 cells in panel H, 
CD45 and CD3 positivity in panel G, and finally TCRβ positivity in panel F. Additionally, CD4 
regulatory T cells (Tregs) could be identified by selecting for FOXP3 positivity in panel K, following 
selection in panel G. Cells were run through the Attune Flow Cytometer and analysed using FloJo. 
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Figure 3-11 Immature T-cell populations determined by flow cytometry immune-
phenotyping. Cells isolated from male and female ROCK1wt and ROCK1nc thymi at various ages 
(4, 6, 8 and 10 weeks) were stained for T-cell markers and analysed as per Figure 3-10. The 
immature T-cell subtypes include the double positives, double negatives and the double negative 
subtypes (DN1-DN4). Double positive cells contained the CD4+ and CD8+ surface markers. 
Conversely, double negatives did not contain both CD4+ and CD8+ markers. The double negatives 
were categorised based on CD44 and CD25 surface markers. Statistical significance was 
determined using the Mann-Whitney test comparing the genotypes at each time point (p<0.05 = *; 
p<0.01 = **; p<-.001 = ***), p<0.0001 = ****). Points represent individual mice, error bars represent 
mean + SD (4 weeks ROCK1wt N=18 (10 males, 8 females) ROCK1nc N=17 (8 males, 9 females); 
6 weeks ROCK1wt N=16 (8 males, 8 females) ROCK1nc N=17 (8 males, 9 females); 8 weeks 
ROCK1wt N=16 (9 males, 7 females) ROCK1nc N=18 (9 males, 9 females); 10 weeks ROCK1wt 
N=15 (9 males, 6 females) ROCK1nc N=17 (10 males, 7 females). 
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Figure 3-12 Mature T-cell populations determined by flow cytometry immune-phenotyping. 
Cells isolated from male and female ROCK1wt and ROCK1nc thymi at various ages (4, 6, 8 and 10 
weeks) were stained for T-cell markers and analysed as per Figure 3-10. Mature cells include 
single positive CD4 αβ T-cells, single positive CD8 αβ T-cells, γδ T-cells and regulatory T-cells. No 
differences were seen in CD4+ T-cells between ROCK1wt and ROCK1nc cohorts at various ages. 
There were more CD8+ T-cells in the ROCK1nc cohort compared to ROCk1wt cohorts at 4, 6, and 
8 weeks. Statistical significance was determined using the Mann-Whitney test comparing the 
genotypes at each time point (p<0.05 = *; p<0.01 = **; p<-.001 = ***), p<0.0001 = ****). Points 
represent individual mice, error bars represent mean + SD (4 weeks ROCK1wt N=18 (10 males, 8 
females) ROCK1nc N=17 (8 males, 9 females); 6 weeks ROCK1wt N=16 (8 males, 8 females) 
ROCK1nc N=17 (8 males, 9 females); 8 weeks ROCK1wt N=16 (9 males, 7 females) ROCK1nc 
N=18 (9 males, 9 females); 10 weeks ROCK1wt N=15 (9 males, 6 females) ROCK1nc N=17 (10 
males, 7 females). 

3.2.6.2 Myeloid subsets are not affected by the ROCK1n mutation 

In addition to investigating the T-cell populations, the myeloid population in the 

thymus was also explored. As the myeloid populations are important in the T-cell 

development process, investigating this population could give insight into the 

relationship between apoptotic membrane blebbing and T-cell development. 

Furthermore, as macrophages are bona fide phagocytic cells, the ROCK1nc 

mutation may affect the levels of this particular cell population if there were a 

change to signalling from apoptotic cells. Briefly, cells were isolated as a single 

cell suspension from the thymus and stained with myeloid cell markers to assess 

macrophages and two dendritic cell (DC) populations, the classical and 

plasmacytoid DCs depicted in the gating strategy (Figure 3-13). Flow cytometry 
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data revealed a high degree of variability in the macrophage population. Despite 

this variability, the macrophage population was significantly greater in the 

ROCK1nc population at 6 and 8 weeks of age (Figure 3-14). At 10 weeks, the 

levels of macrophages decreased to comparable levels between cohorts of both 

genotypes. The DC population is split into classical DCs (CDCs) and plasmacytoid 

DCs (PDCs), both of which contribute to priming of T-cells (Hasegawa and 

Matsumoto, 2018). Analysis revealed that both ROCK1wt and ROCK1nc cohorts 

had similar levels of both CDCs and PDCs. No significant differences were seen at 

any of the cohort ages. Similar to the macrophages, both DC populations were 

reduced at 10 weeks compared to the previous weeks in both genotypes. There 

were no differences between male and female mice between the genotypes. 

These results indicate that apoptotic membrane blebbing does not affect the 

myeloid population found in the thymus.  

 

Figure 3-13 Representative flow cytometry gating strategy for myeloid cell subtypes. All cells 
were gated in panel A, followed by a doublet exclusion in B. Gates were then applied on live cells 
in panel C. Cells were then selected for the CD45 immune cell marker in panel D. Cells were then 
divided based on their being CD11b positive (panel F) for macrophages or CD11c positive (panel 
G) for dendritic cells (DCs). CD11B+ cells were then selected for F4/80 positivity (panel E). DCs 
were categorised into classical DCs (CDCs) or plasmacytoid DCs (PDCs) in panel H. PDCs are 
positive for both SIGLEC-H and PDCA-1. CDCs on the other hand are negative for both these 
markers. Cells were run through the Attune Flow Cytometer and analysed using FloJo 
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Figure 3-14 Myeloid cell populations determined by flow cytometry immuno-phenotyping. 
Cells isolated from male and female, ROCK1wt and ROCK1nc thymi at various ages (4, 6, 8 and 
10 weeks) were stained for myeloid cell markers and analysed as per Figure 3-13. Myeloid cells 
analysed include macrophages and dendritic cells (DCs). Statistical significance was determined 
using the Mann-Whitney test comparing the genotypes at each time point (p<0.05 = *; p<0.01 = **; 
p<-.001 = ***), p<0.0001 = ****). Points represent individual mice, error bars represent meant + SD 
(4 weeks ROCK1wt N=16 (8 males, 8 females) ROCK1nc N=17 (8 males, 9 females); 6 weeks 
N=16 (8 males, 8 females) ROCK1nc N=17 (8 males, 9 females); 8 weeks ROCK1wt N=16 (9 
males, 7 females) ROCK1nc N=17 (9 males, 8 females); 10 weeks ROCK1wt N=17 (11 males, 6 
females) ROCK1nc N=17 (7 males, 10 females). 

3.3 Discussion 

The thymus is an organ where T-cell development takes place, relying on 

efficient apoptosis and apoptotic cell clearance to maintain tissue development 

and homeostasis. Given the relatively high levels of ROCK1 in the thymus, 

according to the tissue gene expression and regulation database as well as the 

bloodspot database (Julian and Olson, 2014, Bagger et al., 2018), investigating 

the role apoptotic membrane blebbing in the thymus utilising the ROCK1nc 

mouse was the objective of my studies. This arm of the study explored the 

effect of the ROCK1nc mutation on thymic development, homeostasis and cell 
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population distribution. Post-natal thymic involution was not affected in the 

ROCK1nc mice cohorts. The thymus involution based on thymus size and 

cellularity occurred at similar rates between the genotypes in both males and 

females. Additionally, it is well known that the thymus in males involutes 

quicker than in females (Pido-Lopez et al., 2001). This was also the case in 

ROCK1nc mice. The fact that there were no differences in the body-weight 

ratios were largely supported by the similarities between ROCK1wt and ROCK1nc 

thymic cell counts. Any changes seen in thymic cellularity were transient in 

ROCK1nc mice, ultimately levelling off to similar levels in ROCK1wt mice. In 

addition to these parameters, the histological architecture was also 

investigated. The thymus consists of the outer cortex and inner medullary areas. 

Analysis revealed normal thymic architecture in ROCK1nc cohorts. There may be 

subtle differences between the genotypes, particularly at 6 weeks. Thus 

replotting the graph to compare the ratio of thymic cortical to medullary area 

may be useful to teasing apart any subtle changes. Taken together, this would 

suggest that the ROCK1nc mutation does not grossly affect these aspects of 

thymic development. Any subtle and small differences observed was negligible in 

the context of thymic development.  

In addition to the anatomical parameters, a snapshot into the apoptotic milieu 

was investigated by immunohistochemistry. Formalin-fixed paraffin-embedded 

thymic tissues were stained with antibody that detects cleaved caspase 3, a 

marker of active apoptosis. These results showed that there were low levels of 

cleaved caspase-3 positive cells in the thymus at the various ages explored for 

both ROCK1wt and ROCK1nc cohorts. This is consistent with highly efficient 

clearance mechanisms found in the thymus. No differences were observed in 

ROCK1nc cohorts in comparison to ROCK1wt cohorts. This would suggest that the 

ROCK1nc mutation does not alter either the number of apoptotic cells found or 

the process of cell clearance in the thymus. To delve deeper into this, exploring 

cell clearance was done by assessing the levels of macrophages, a major 

phagocytic population. Histological stains of the macrophage marker F4/80 in 

thymic tissues was significantly lower in ROCK1nc mice compared to its wild-

type counterparts at 2 weeks, but showed no significant differences at the later 

ages explored. This further strengthens the notion that the ROCK1nc mutation 

does not cause accumulation of apoptotic cells or an increase in macrophages. 
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These analysis were performed on the whole thymus, which may miss any 

subtleties the ROCK1nc mice may present. Performing the analysis specifically in 

the thymic cortical and medullary areas would allow a more accurate 

representation of the parameters investigated.  

Following on from this, the characterisation of cellular subsets, in particular the 

T-cell and myeloid subsets using flow cytometry has given me further insight into 

how the ROCK1nc mutation might have affected the cellular populations. Within 

the respective T-cell populations, flow cytometry results did show variability. 

The majority of T-cell populations analysed, despite subtle variations, displayed 

comparable levels of cells between ROCK1wt and ROCK1nc mice at 10 weeks of 

age. This would suggest that the ROCK1nc mutation may affect the skew of 

immature T-cell populations as well as single positive CD4 and CD8α T-cells. 

These results would indicate any differences seen in the ROCK1nc mice are only 

transient which were ultimately resolved in adult mice. To confirm these 

findings, later time points of the ROCK1nc cohort would need to be investigated 

or more in-depth immunological analysis carried. Flow cytometry is a powerful 

tool to assess cell populations, however a caveat with this analysis that would 

have been informative in this instance is the location of the cells. Determining 

the location of the different cellular subtypes would help tease apart any 

subtleties between the genotypes.  

The myeloid cell population investigated using flow cytometry was another 

parameter assessed. The results showed variability in the macrophage 

populations that evened out to similar levels at 10 weeks of age in both 

genotypes in a similar fashion to the T-cells. The flow cytometry data did show 

significantly greater macrophages in ROCK1nc cohorts at 6 and 8 weeks. 

However, this conflicted with the immunohistochemistry data. 

Immunohistochemistry analysis did not show the same results at 6 and 8 weeks. 

Immunohistochemistry analysis showed significantly less macrophages in 

ROCK1nc cohorts at 2 weeks and comparable levels of macrophages at other 

ages between the genotypes. Both classical and plasmacytoid populations of 

dendritic cells were not significantly different between both genotypes at any 

time points. This indicates that the phagocytic populations assessed here were 

not affected by the ROCK1nc mutation.  
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Given the high levels of apoptotic activity and ROCK1 expression in the thymus, 

the starting hypothesis was that the ROCK1nc mutation might have affected 

thymic development, homeostasis and the cellular populations therein. 

However, the results obtained here do not substantiate this hypothesis. The data 

indicated that were some differences observed in the ROCK1nc cohorts of the 

various parameters at the earlier time points, but the majority of what was 

investigated was at comparable levels to the wild-type controls. This suggests 

that any differences observed were likely to be transient. It is well established 

that cell clearance, particularly in the thymus, is extremely efficient. This 

explains why apoptotic cells are rarely detected, which was also observed in the 

low percentage of cleaved caspase-3 staining in the thymus (Figure 3-7). Perhaps 

there may be compensatory mechanisms in place in the thymus that overcome 

the effect of the ROCK1nc mutation on the morphology of apoptotic cells, or 

apoptotic membrane blebbing may be dispensable in the thymus and for the T-

cell selection process. This would be supported by previous observations in the 

lab that found no significant differences in immune cell levels or any indications 

of an autoimmune phenotype, including glomerulonephritis, haemolytic anaemia 

or cytopenia, in aged ROCK1nc mouse cohorts (Julian, 2015).  

In addition to what has been investigated here, additional aging of mice beyond 

10 weeks until 20 weeks would confirm whether the changes seen in the 

ROCK1nc mice are transient. Additionally, the activation status of myeloid cells, 

assessed through flow cytometry, and egress of T-cells from the thymus into the 

periphery, including the blood stream and lymph nodes, could be explored to 

definitively determine if ROCK1nc absolutely does not affect thymic 

development and homeostasis, as well as T-cell development, with more 

confidence. A caveat of the system used here is the ubiquitous expression of the 

mutation in all cell types. It is highly possible that the mutation will yield off 

target effects, especially given the growing evidence of non-apoptotic functions 

of caspase-3 (Nakajima and Kuranaga, 2017). The cytoskeleton is important in 

phagocytic populations, such as macrophages, and in T-cells. Thus, performing a 

comparative RNAseq between apoptotic and non-apoptotic cells would be both 

interesting and informative. If there are changes in the ROCK1nc non-apoptotic 

cell population, it is plausible that this could mask any changes in apoptotic cells 

themselves.  
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The results obtained here however, suggest that the ROCK1nc mutation and, by 

extension, apoptotic membrane blebbing do not alter thymic development and 

homeostasis. It could be that under physiological conditions, the role of ROCK1-

mediated apoptotic membrane blebbing is dispensable. Whether this holds true 

in challenged conditions and in tumour bearing settings, is explored in the 

upcoming chapters.  
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4 ROCK1nc mutation in thymic apoptosis, cell 
clearance and immune cell activation 

4.1 Introduction 

4.1.1 Apoptosis and apoptotic cell clearance 

Apoptosis is a well characterised form of programmed cell death (Kerr et al., 

1972). Triggering apoptosis via the intrinsic or extrinsic pathway culminates in 

the activation of executioner caspases, in particular, caspase-3. Once caspase-3 

is cleaved and active, downstream events ensure cells undergo cell death 

(Kroemer et al., 2007). Cell death is underpinned by characteristic hallmark 

morphological changes, including cell contraction, DNA fragmentation, apoptotic 

membrane blebbing, and apoptotic body formation (Kerr et al., 1972, Elmore, 

2007). In addition to morphological changes, cells exhibit biochemical changes as 

well, including the well-documented externalisation of phosphatidylserine (PS) 

onto the outer membrane. PS acts as an ‘eat-me’ signal, allowing phagocytic 

cells to engage and find the apoptotic cells and bodies (Ravichandran, 2003). 

This facilitates the uptake and clearance of the apoptotic cells by phagocytes. 

Phagocytes can be classed as professional and non-professional phagocytes, and 

include macrophages and dendritic cells (Medina and Ravichandran, 2016). 

Ultimately, the uptake of the dead cells and its apoptotic bodies by phagocytes 

facilitate homeostasis.  

This apoptotic process that promotes homeostasis has been deemed to be 

immunologically silent. The immune system remains generally inactive as the 

characteristic changes seen during apoptosis allow the containment of 

intracellular components, which would otherwise activate immune cells and 

initiate an immune response (Wyllie et al., 1980). Deviation in the apoptotic 

machinery and clearance results in an immune response, triggered by secondary 

necrosis (Doran et al., 2020). The clearance of apoptotic cells, particularly in 

the thymus, is what helps maintain homeostasis and keeps the tissue from being 

overloaded with cell corpses due to the high number of apoptotic events that 

come with the T-cell development process.  
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4.1.2 Dexamethasone induces apoptosis in the thymus 

Dexamethasone, a synthetic glucocorticoid, is an apoptosis-inducing agent that 

acts via the glucocorticoid receptor (GR) (Cifone et al., 1999). Activation of the 

GR intracellularly causes translocation of the complex into the nucleus, altering 

the transcription of genes to promote apoptosis. In parallel, intrinsic apoptosis 

can also be triggered resulting in the activation of caspase-3 (Bamberger et al., 

1996). The activation of GRs is known to cause lymphocyte apoptosis (Smith and 

Cidlowski, 2010). Thymocytes in particular, are known to be highly sensitive to 

glucocorticoid-induced death, resulting in the release of cytochrome C and 

caspase activation that are characteristic of apoptotic cell death (Marchetti et 

al., 2003). One crucial aspect of dexamethasone-induced thymocyte apoptosis is 

the activation of caspase-3 (Cifone et al., 1999). In addition to the thymus, the 

spleen is another organ that is sensitive to the effects of dexamethasone (Ahmed 

and Sriranganathan, 1994). Dexamethasone is currently utilised in the clinic for a 

variety of conditions including leukaemia and lymphomas, due to its effect on 

lymphocytes (Kofler, 2000). Thus, dexamethasone was utilised for in vitro and in 

vivo experiments to induce apoptosis in this arm of the study.  

4.1.3 Experimental Aims 

Under physiological conditions, apoptosis and apoptotic cell clearance is highly 

regulated and efficient. Previous results showed that the ROCK1nc mutation did 

not impact thymic development and homeostasis. The objective of this study 

was to challenge the thymus and thymocytes with an apoptotic stimulus to 

determine if ROCK1-mediated apoptotic membrane blebbing played a role in 

apoptosis, cell clearance and immune cell activation. This was done using a 

variety of in vitro and in vivo experiments with the ROCK1nc mouse, looking at 

thymic clearance, efferocytosis, immune cell activation and apoptotic blebbing. 

I hypothesised that the ROCK1nc mutation would affect thymic clearance, 

efferocytosis and apoptotic membrane blebbing in challenged conditions.  
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4.2 Results  

4.2.1 Dexamethasone induces apoptosis in ROCK1wt and 
ROCK1nc thymocytes  

Previous findings in the Olson lab have shown that mouse embryonic fibroblasts 

and hepatocytes from ROCK1nc mice do not have alterations in the cell death 

process apart from apoptotic membrane blebbing (Julian, 2015, Naylor, 2019). 

To determine whether cell death biochemical processes were intact in ROCK1nc 

thymocytes, phosphatidylserine externalisation and protein levels were assessed. 

Cells that begin to undergo apoptosis are annexin V positive, denoting 

externalisation of PS. As cells progress further through the cell death 

programme, they lose their membrane integrity and thus showing positivity for 

both PI as well as annexin V. This culminates in only PI positivity, indicating that 

cells are truly dead. Cells isolated from the thymus were treated with 1 µm 

dexamethasone or vehicle control, in vitro and collected at 4 and 8 hours after 

treatment. Cells were evaluated for PS externalisation by flow cytometry using 

fluorescently-labelled annexin V, which binds to externalised PS (Figure 4-1). 

Healthy cells were negative for annexin V and propdium iodide (PI). Thymocytes 

are known to spontaneously die (Tiso et al., 1995). There was evidence of 

spontaneous apoptosis from freshly isolated thymocytes from ROCK1wt and 

ROCK1nc mice (Figure 4-2). Both ROCK1wt and ROCK1nc thymocytes that were 

treated with dexamethasone at 4 hours displayed roughly 10% higher levels of 

apoptotic cells, in comparison to vehicle control treated cells. At 8 hours post 

treatment, both ROCK1wt and ROCK1nc thymocytes contain almost double the 

amount of apoptotic cells compared to vehicle treated counterparts. At both 

time points, no PI positive/annexin V negative cells were detected. This would 

suggest that the cells were dismantled and no longer intact, likely having gone 

through apoptosis. However there was no difference between the ROCK1wt and 

ROCK1nc cells treated with dexamethasone, showing that ROCK1nc thymocytes 

externalise PS in the same manner as ROCK1wt thymocytes. 

Using the same experimental setup, lysates were collected at 4 and 8 hours post 

treatment from isolated thymocytes that had been treated either with 1 µm 

dexamethasone or vehicle control, and processed to determine protein levels by 

western blotting (Figure 4-3). The ROCK1 protein presents itself as a single band 
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in untreated ROCK1wt and ROCK1nc thymocytes. In ROCK1wt thymocytes, at 4 

hours, there was an emergence of 2 bands consistent with ROCK1 being cleaved 

by caspase-3. By 8 hours, only the second lower band was present, indicating 

that wild-type ROCK1wt was fully cleaved. On the other hand, ROCK1nc 

thymocytes displayed only a single ROCK1 band, confirming that the mutation is 

present and rendered ROCK1 resistant to caspase-mediated cleavage. 

Dexamethasone-treated ROCK1wt and ROCK1nc thymocytes at 4 hours saw the 

emergence of cleaved caspase-3, indicating that cells were beginning to undergo 

apoptosis. By 8 hours, both ROCK1wt and ROCK1nc thymocytes displayed a 

disappearance of full-length caspase-3 and comparably stronger cleaved 

caspase-3 bands. This indicates that the majority of the cells were apoptotic 8 

hours post dexamethasone treatment in stark contrast to the vehicle control 

treated counterparts. This demonstrates that the biochemical pathway of 

apoptosis is intact in ROCK1nc thymocytes.  

Taken together, both the externalisation of PS and caspase-3 cleavage by 

dexamethasone treatment showed that ROCK1nc thymocytes undergo cell death 

with no changes in the magnitude or timing of activation of apoptotic 

biochemical pathways.  

 

Figure 4-1 Representative flow cytometry gating strategy for annexin V and propidium 
iodide. Cells were gated in panel A, followed by a doublet exclusion in panel B. Cells were then 
segregated based on the annexin V (Ann V) and propidium iodide (PI) positivity. Early apoptotic 
cells are Ann V+, followed by Ann V and PI+ as cells become membrane permeable. 
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Figure 4-2 Phosphatidylserine externalisation is not altered in ROCK1nc apoptotic 
thymocytes. Cells isolated from 8 week old ROCK1wt and ROCK1nc mice were treated with either 
1µM dexamethasone (dex) or vehicle control. Cells were collected either 4 or 8 hours post 
treatment and stained with annexin V (Ann V) and propidium iodide (PI). Data points show mean + 
SD (N=4 per group). 

 

Figure 4-3 ROCK1nc thymocytes are resistant to ROCK1 cleavage and retain the 
biochemical pathways of apoptosis. Representative western blots showing ROCK1, full length 
caspase-3 and cleaved caspase-3 from untreated, dexamethasone (dex) treated (1µm), and 
vehicle treated ROCK1wt and ROCK1nc thymocytes (6-8 week old male and female mice) for 4 
and 8 hours. Representative of 3 independent western blots.  
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4.2.2 Dexamethasone induces thymic and splenic weight loss in 
ROCK1wt and ROCK1nc mice 

Dexamethasone is known to cause lymphocyte apoptosis (Smith and Cidlowski, 

2010). To assess the response of the ROCK1nc mouse to apoptosis, 

dexamethasone-21 phosphate disodium salt (dexamethasone), was used to 

induce acute apoptosis in vivo. Dexamethasone, or vehicle control, was 

administered by intraperitoneal injection at 15 mg/kg to 8 week old female 

ROCK1wt and ROCK1nc mice. At various time points post drug administration (6, 

12, 24 and 30 hours), the thymus and spleen were harvested. The percentage 

ratio of the thymus (Figure 4-4), and spleen (Figure 4-5) to body weight was 

determined. Dexamethasone caused a gradual reduction in the percentage of 

thymic weight to body weight. Small reductions were seen as early as 6 hours in 

dexamethasone-treated cohorts. By 24 hours, the thymus from both ROCK1wt 

and ROCK1nc mice treated with dexamethasone were significantly reduced in 

comparison to vehicle treated controls. This reduction was sustained to a similar 

level by 30 hours. The reductions in thymic weight were comparable between 

ROCK1wt and ROCK1nc post dexamethasone treatment. It should be noted that a 

statistically significant reduction was not seen at 6, 12 and 24 hours likely due to 

the low cohort numbers. 

The spleen followed a similar trend as the thymus. Reductions were seen in the 

percentages of spleen to body ratio in dexamethasone-treated ROCK1wt and 

ROCK1nc cohorts at 6 hours. At 24 hours post dexamethasone treatment, the 

percentage splenic weight ratio was significantly lower in ROCK1wt and ROCK1nc 

cohorts compared to vehicle controls. The reduction in the percentage of splenic 

weight ratio was sustained at 30 hours. A loss in organ weight indicates a loss of 

cells. As was seen with the thymus, there was no difference between the 

ROCK1nc and ROCK1wt genotypes in splenic weight. Furthermore, similar to the 

thymic weight, a statistically significant reduction was not seen at 6, 12 and 24 

hours likely due to the low cohort numbers. This would suggest that the 

ROCK1nc mutation has not affected acute lymphocyte apoptosis induced by 

dexamethasone.  

The loss in thymic weight due to dexamethasone was recapitulated in the 

histological presentation of the tissue (Figure 4-6). The thymus obtained from 
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dexamethasone and vehicle treated cohorts at the various time points were 

fixed in formalin and embedded in paraffin. The formalin-fixed, paraffin-

embedded (FFPE) thymic tissues were sectioned and stained with haematoxylin 

and eosin (H&E) to visualise the thymic architecture. Vehicle treated thymi 

displayed distinct thymic cortical (darker) and medullary (lighter) areas. At 6 

and 12 hours, these thymic areas remain fairly distinct. At 24 and 30 hours 

however, this distinction was less obvious in dexamethasone treated ROCK1wt 

and ROCK1nc cohorts. The thymus seemed less densely packed particularly in 

the cortical area, suggesting a loss in cells that would reflect the reduction in 

thymic weight with dexamethasone treatment. Interestingly, although the 

thymic weight was reduced at 6 and 12 hours, the thymus still appeared 

relatively densely packed. Perhaps the clearance of apoptotic cells required 

more than 12 hours to see an obvious difference. It should be noted that there 

was variability in the thymic sections (Figure 4-6) Regardless, both ROCK1wt and 

ROCK1nc thymi responded to dexamethasone in a similar manner, further 

suggesting that acute apoptosis within the thymus was not overtly altered in the 

ROCK1nc mice.  
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Figure 4-4 Dexamethose-induced acute apoptosis causes thymic weight loss in ROCK1wt 
and ROCK1nc mice. ROCK1wt and ROCK1nc 8 week old female mice were administered with 
dexamethasone-21 phosphate disodium salt (Dex) or vehicle control (cont) at 15 mg/kg I.P. The 
spleen was harvested at 6, 12, 24 and 30 hours post dex treatment. The body and spleen weights 
were recorded. Data points represent individual mice, error bars represent mean + SD. Statistical 
signifcance was determined using a Mann-Whitney test comparing dex-treated to cont-treated 
cohorts per genotype (6 hours N=2-3; 12 hours N=2-3; 24 hours N=5-7; 30 hours N=2-3). 
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Figure 4-5 Dexamethose-induced acute apoptosis causes splenic weight loss in ROCK1wt 
and ROCK1nc mice. ROCK1wt and ROCK1nc, 8 week old female mice were administered with 
dexamethasone-21 phosphate disodium salt (Dex) or vehicle control (cont) at 15mg/kg I.P. The 
spleen was harvested at 6, 12, 24 and 30 hours post dex treatment. The body weight and spleen 
weight were recorded. Data points represent individual mice, error bars represent mean + SD. 
Statistical signifcance was determined using a Mann-Whitney test comparing dex-treated to cont-
treated cohorts per genotype (6 hours N=2-3; 12 hours N=2-3; 24 hours N=5-7; 30 hours N=2-3). 
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Figure 4-6 Representative H&E stains of ROCK1wt and ROCK1nc thymi. ROCK1wt and 
ROCK1nc, 8 week old female mice were administered with dexamethasone-21 phosphate 
disodium salt (Dex) or vehicle control (cont) at 15mg/kg I.P. The thymus was harvested at 6, 12, 24 
and 30 hours post Dex treatment. Formalin-fixed, paraffin embedded were sectioned at 4µM and 
stained for haematoxylin and eosin (H&E). These are representaive of the thymus as seen in 
Figure 4-4. Scale bars denote 1mm in length. 

4.2.3 Dexamethasone induces apoptosis in vivo  

Following from assessing the weights of the thymus and spleen, as well as the 

thymic architecture, the next parameter I investigated was apoptosis. In order 

to examine apoptosis, FFPE embedded thymic tissues were sectioned and stained 

for cleaved caspase-3. Cleaved caspase-3 indicates active apoptosis, as this is 

generally regarded as the point of no return. Representative images showed that 

apoptosis was seen as early as 6 hours in both ROCK1wt and ROCK1nc 
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dexamethasone-treated cohorts (Figure 4-7). Cleaved caspase-3 positivity 

peaked at 12 hours, localising mainly in the cortex. By 24 hours, there was a 

dramatic reduction in cleaved caspase-3 positive cells that localised towards the 

tissue edges following dexamethasone treatment. At 30 hours post 

dexamethasone treatment, there was no evidence of apoptotic cells. The 

vehicle-treated conditions did not display any caspase-3 positive cells. 

Quantification of the percentage of cleaved caspase-3 stained cells showed an 

increase in ROCK1wt and ROCK1nc cohorts compared to vehicle treated mice 

(Figure 4-8). Roughly, a 3 fold increase in the percentage of cleaved caspase-3 

staining was seen in Dex-treated ROCK1wt and ROCK1nc sections at 12 hours 

compared to 6 hours post treatment. It should be noted that at 6 and 12 hours 

post treatment, the enhanced percentage of caspase-3 staining would likely be 

significant if there were an increase mice numbers in ROCK1wt and ROCK1nc 

cohorts. Interestingly, the percentage of cleaved caspase-3 stain peaked at 12 

hours, and dramatically reduced by 24 hours. The percentage of cleaved 

caspase-3 staining was statistically higher than vehicle controls for both 

genotypes. At 30 hours post treatment, the percentage of cleaved caspase-3 

staining was low, comparable to vehicle-treated mice for both genotypes.  

Vehicle treated mice, as expected, contained almost negligible levels of 

apoptotic cells. The rapid effect of dexamethasone that induced a trend of 

apoptotic cell detection arising at 6 hours, peaking at 12, and reducing at 24 and 

further at 30 hours, as well as the localisation of apoptotic cells were 

comparable between ROCK1wt and ROCK1nc mice. Taken together, the ROCK1nc 

mutation did not alter the effects of dexamethasone or the responses of the 

thymic tissue to dexamethasone. ROCK1nc mice exhibited no differences 

compared to ROCK1wt mice when treated with dexamethasone.  
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Figure 4-7 Representative cleaved caspase-3, staining of ROCK1wt and ROCK1nc thymi. 
ROCK1wt and ROCK1nc, 8 week old female mice were administered with dexamethasone-21 
phosphate disodium salt (Dex) or vehicle control (cont) at 15 mg/kg I.P. The thymus was harvested 
at 6, 12, 24 and 30 hours post Dex treatment. Formalin-fixed, paraffin embedded tissues were 
sectioned at 4 µm and stained for cleaved caspase-3, a marker of apoptosis. Sections are 
representative of those quantified in Figure 4-8. (6, 12, 30 hours – N=2-3 for each genotype; 24 
hours N = 5-7). Scale bars denote 1 mm in length.  
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Figure 4-8 Dexamethasone-induced apoptosis occurs similarly in ROCK1wt and ROCK1nc 
thymic tissue. ROCK1wt and ROCK1nc 8 week old female mice were administered with 
dexamethasone-21 phosphate disodium salt (Dex) or vehicle control (cont) at 15 mg/kg I.P. 
Representative tissues were shown in Figure 4-7. The thymus was harvested at 6, 12, 24 and 30 
hours post Dex treatment. Formalin-fixed, paraffin embedded tissues were sectioned at 4 µm and 
stained for cleaved caspase-3 (cl. casp3), a marker of apoptosis. The percentage of the area of cl. 
casp3 stain to tissue area was quantified using HALO

TM
. Data points represent individual mice, 

error bars represent mean + SD. Statistical signifcance was determined using a Mann-Whitney test 
comparing dex-treated to cont-treated cohorts per genotype. (6 hours N=2-3; 12 hours N=2-3; 24 
hours N=5-7; 30 hours N=2-3). Note the scale difference for 24 and 30 hours post dex treatment.  

4.2.4  Immune cell infiltration in dexamethasone treated ROCK1wt 
and ROCK1nc mice 

In addition to causing apoptosis, 15 mg/kg dexamethasone administration to 

ROCK1wt and ROCK1nc female mice also caused an infiltration of macrophages 

and neutrophils. These two cell populations assessed as neutrophils and 

monocytes (the latter which differentiate into macrophages), are typically 

known to be first responders to sites of damage (Prame Kumar et al., 2018). 

FFPE thymic samples were sectioned and stained for the macrophage marker, 

F4/80, and subsequently quantified using HALOTM (Figure 4-9, Figure 4-10). At 6 

and 12 hours post dexamethasone treatment, a small increase in the percentage 

of F4/80 staining, indicative of macrophage levels, was observed in both 
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ROCK1wt and ROCK1 treated cohorts (Figure 4-10). At later time points, 24 and 

30 hours, representative images show a stark increase in the brown staining 

(Figure 4-9). This is reflected in the quantification, which show a significantly 

higher percentage of F4/80 stainingin dexamethasone treated ROCK1wt and 

ROCK1nc cohorts compared to vehicle treated controls. By 30 hours, the 

percentage of staining although not significant is still higher in dexamethasone 

treated cohorts for both genotypes compared to vehicle treated cohorts. The 

immunohistochemistry revealed that there were low number of macrophages in 

vehicle treated controls, consistent with what was seen previously in 

physiological levels (see Chapter 3). The dynamics of macrophage levels 

correlated with apoptotic kinetics seen previously (Figure 4-8). 

In addition to macrophages, neutrophil infiltration was also investigated. The 

marker, anti-S100-A9 antibody was used to stain FFPE thymic tissues and 

quantified using HALOTM (Figure 4-11, Figure 4-12). Representative images show 

that levels of S100-A9 staining were barely detectable in vehicle-treated 

controls of both genotypes, low in dexamethasone treated ROCK1wt and 

ROCK1nc thymi at 6 and 12 hours post treatment, and increased at 24 and 30 

hours post dexamethasone treatment in both genotypes (Figure 4-11). It should 

be noted, particularly at 30 hours, there was more non-specific S100-A9 staining 

visible in the representative images. Interestingly, despite the non-specific 

staining, the cells positive for S100-A9 appeared to localise towards the edges. 

Once quantified, the percentage of S100-A9 staining, indicative of neutrophil 

levels, were only slightly increased in dexamethasone treated ROCK1wt and 

ROCK1nc cohorts at 6 and 12 hours (Figure 4-12). By 24 hours, there was a 

statistically significant increase in the percentage of S100-A9 staining in 

dexamethasone-treated cohorts compared to vehicle treated cohorts of both 

genotypes. Levels of S100-A9 staining decreased slightly by 30 hours for both 

genotypes. Similar to the trend with macrophages, the levels of neutrophils 

seemed to peak at 24 hours, which coincided with the apoptotic cell dynamics. 

Taken together, these data sets show that the in vivo challenge with 

dexamethasone resulted in an increase in neutrophils and macrophages in the 

thymus. This response was seen in the ROCK1nc mice as well as wild-type 

counterparts. This suggests that the ROCK1nc mutation does not impair or 
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exacerbate the infiltration of phagocytic cells in response to apoptosis-inducing 

damage in vivo. 

 

Figure 4-9 Representative F4/80 staining of ROCK1wt and ROCK1nc thymi. ROCK1wt and 
ROCK1nc 8 week old female mice were administered with dexamethasone-21 phosphate disodium 
salt (Dex) or vehicle control (cont) at 15 mg/kg I.P. The thymus was harvested at 6, 12, 24 and 30 
hours post Dex treatment. Formalin-fixed, paraffin embedded tissues were sectioned at 4 µm and 
stained for F4/80, a marker of macrophages. Sections are representative of those quantified Figure 
4-10. (6, 12, 30 hours – N=2-3 for each genotype; 24 hours N = 5-7). Scale bars denote 1 mm in 
length.  
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Figure 4-10 Dexamethasone-induced acute apoptosis resulted in macrophage infiltration in 
both ROCK1wt and ROCK1nc thymi. ROCK1wt and ROCK1nc 8 week old female mice were 
administered with dexamethasone-21 phosphate disodium salt (Dex) or vehicle control (cont) at 15 
mg/kg I.P. Representative tissues were shown in Figure 4-9. The thymus was harvested at 6, 12, 
24 and 30 hours post Dex treatment. Formalin-fixed, paraffin embedded tissues were sectioned at 
4 µm and stained for F4/80, a macrophage marker. The percentage of the area of F4/80 staining to 
tissue area was quantified using HALO

TM
. Data points represent individual mice, error bars 

represent mean + SD. Statistical signifcance was determined using a Mann-Whitney test 
comparing Dex-treated to cont-treated cohorts per genotype. (6 hours N=2-3; 12 hours N=2-3; 24 
hours N=5-7; 30 hours N=2-3). Note the scale difference for 6 and 12 hours post dex treatment. 
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Figure 4-11 Representative S100-A9 staining of ROCK1wt and ROCK1nc thymi. ROCK1wt 
and ROCK1nc 8 week old female mice were administered with dexamethasone-21 phosphate 
disodium salt (Dex) or vehicle control (cont) at 15 mg/kg I.P. The thymus was harvested at 6, 12, 
24 and 30 hours post dex treatment. Formalin-fixed, paraffin embedded tissues were sectioned at 4 
µm and stained for S100-A9, a marker of neutrophils. Sections are representative of those 
quantified Figure 4-10. (6, 12, 30 hours – N=2-3 for each genotype; 24 hours N = 5-7). Scale bars 
denote 1 mm in length 
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Figure 4-12 Dexamethasone-induced acute apoptosis resulted in neutrophil infiltration 
equally in ROCK1wt and ROCK1nc mice. ROCK1wt and ROCK1nc 8 week old female mice 
were administered with dexamethasone-21 phosphate disodium salt (Dex) or vehicle control (cont) 
at 15 mg/kg I.P. Representative tissues were shown in Figure 4-11. The thymus was harvested at 
6, 12, 24 and 30 hours post Dex treatment. Formalin-fixed, paraffin embedded tissues were 
sectioned at 4 µm and stained for S100-A9, a neutrophil marker. The percentage of the area of 
S100-A9 staining to tissue area was quantified using HALO

TM
. Data points represent individual 

mice, error bars represent mean + SD. Statistical signifcance was determined using a Mann-
Whitney test comparing Dex-treated to cont-treated cohorts per genotype. (6 hours N=2-3; 12 
hours N=2-3; 24 hours N=5-7; 30 hours N=2-3). Note the scale difference for 6 and 12 hours post 
dex treatment. 

4.2.5 Apoptotic thymocytes result in higher levels of immune 
cells in the ROCK1nc peritoneum 

Thus far, there did not appear to be any perturbation in ROCK1nc mice 

compared to ROCK1wt mice. As the ROCK1nc mutation is found in all cell types, 

isolating the immune response to apoptotic cells using an adoptive transfer 

experimental model allowed me to assess the ROCK1nc mutation in two ways – 

the apoptotic cells and the ability of the immune system to respond to the 

apoptotic cells. The adoptive transfer experiment consisted of 4 combinations, 

administering apoptotic ROCK1nc thymocytes into ROCK1wt and ROCK1nc host 

mice, as well as ROCK1wt thymocytes into ROCK1wt and ROCK1nc host mice 
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(Figure 4-13). Briefly, donor thymocytes from either ROCK1nc or ROCK1wt mice 

were isolated into suspension and treated ex vivo with 1 µm dexamethasone for 

4 hours. Following treatment, ROCK1wt or ROCK1nc recipient mice were subject 

to intraperitoneal (IP) injection of 5x106 cells of the treated cells. It should be 

noted that apoptotic cells from the same preparations were injected into 

ROCK1wt and ROCK1nc mice. Mice were culled 2 hours post injection. The 

peritoneal washout cells were collected and subsequently stained for immune 

cell markers for flow cytometry analysis. The gating strategy depicts the cellular 

populations assessed, including T-cells, monocytes, macrophages, dendritic 

cells, neutrophils, as well as surface activation markers including CD80, CD86, 

and the major histocompatibility class II (MHC-II) (Figure 4-14).  

The adoptive transfer experiments carried out was done with all possible 

combinations (Figure 4-13). Donor ROCK1wt thymocytes were injected in 

ROCK1wt and ROCK1nc mice, and vice versa with ROCK1nc thymocytes into 

ROCK1wt and ROCK1nc mice. Interestingly, the immune cell populations 

assessed were higher in ROCK1nc recipients, regardless of donor origin, 

compared to ROCK1wt recipients (Figure 4-15, Figure 4-16). There were 

significantly higher level of monocytes that were recruited to the peritoneum 

regardless of donor genotype, in ROCK1nc recipients (Figure 4-15). In a similar 

fashion, ROCK1nc recipients had a higher dendritic cell count from ROCK1wt and 

ROCK1nc donor thymocytes. ROCK1nc thymocytes in ROCK1nc recipients were 

statistically significantly to ROCK1wt recipients injected with ROCK1nc 

thymocytes. No differences were observed in the combinations of conditions for 

the levels of neutrophils recruited to the peritoneum. Furthermore, ROCK1nc 

recipients yielded higher T-cell counts compared to ROCK1wt recipients. 

ROCK1wt recipients injected with apoptotic ROCK1nc thymocytes did yield 

significantly lower T-cells in comparison to ROCK1nc recipients injected with 

ROCK1nc thymocytes.  

Consistent with a general increase of immune cells, the macrophage population 

was significantly increased in ROCK1nc recipients, regardless of donor genotype 

(Figure 4-16). The macrophage activation status can be assessed with the 

surface markers, MHCII, CD80 CD86. These three markers are co-stimulatory 

molecules that are upregulated on antigen presenting cells, implying a more 

inflammatory-like macrophage. Interestingly, the mean fluorescence intensity 
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(MFI), which signifies the level of the surface staining, was significantly lower in 

macrophages from ROCK1nc recipients, regardless of donor genotype, compared 

to ROCK1wt recipients. The intensity of CD80 and CD86 were at comparable 

levels in the different conditions. Despite higher levels of macrophages in the 

ROCK1nc host, lower levels of co-stimulatory molecules could allude to an anti-

inflammatory phenotype of the cells, regardless of donors.  

Taken together, these data would suggest that the ROCK1nc mutation in the 

whole body recipient does yield a different response to injected apoptotic cells. 

Interestingly however the genotype of the donor apoptotic thymocytes 

themselves did not matter as much as the genotype of the recipient itself. This 

experiment suggests that the ROCK1nc mutation could affect cell clearance and 

the immune response towards apoptotic cells.  

 

Figure 4-13 Schematic representation of the adoptive transfer experimental setup. A 
schematic representation of the adoptive transfer experiment. Donor and recipient mice were from 
the same colony, thus were matched in their genetic background as C57Bl/6 mice. Donor and 
recipient mice were further age (6-8 weeks) and gender matched. The thymus from ROCK1wt or 
ROCK1nc donor mice were isolated into suspension and treated ex vivo with 1 µm dexamethasone 
for 4 hours. Treated cells were then injected intraperitoneal (IP) at 5x10

6
 cells to the appropriate 

recipients. The peritoneal washout cells were obtained 2 hours after cellular injections and stained 
with cell surface markers for assessment by flow cytometry.  
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Figure 4-14 Representative gating strategy for the detection of immune cells. All cells were 
gated in panel A, selected for single cells in panel B, and gated for live cells in panel C. T-cells 
were gated based on CD-3 positivity (panel D). Immune cells were selected based on CD45 
positivity (panel E). Cells were then categorised based on CD11c positive (panel F) and 
subsequent MHCII positivity (panel G) to select for dendritic cells. Additionally, cells were gated for 
their CD11b positive (panel H). CD11b positive cells were further gated based on the Ly6C and 
Ly6G (panel I) positivity. Ly6C positive cells were the monocyte population whilst double positive 
Ly6C and Ly6G cells are the neutrophils. On the other hand, CD11b positive cells were also gated 
on the F4/80 marker, a macrophage surface marker (panel J). Macrophages were assessed for 
their activation status looking at MHCII (panel K) CD80 (panel L), and CD86 (panel M). Cells were 
run through the Attune flow cytometer and analysed using FloJo. 
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Figure 4-15 Immune cell populations are increased in ROCK1nc recipients. The thymus from 
ROCK1wt (WT) or ROCK1nc (NC) donor mice, were isolated into suspension and treated ex vivo 
with 1µM of dexamethasone for 4 hours. Treated cells were then injected intraperitoneal (IP) at 
5x10

6
 cells into the appropriate recipients. It should be noted that the same cell prep at each 

injection was administered to the recipients. The peritoneal washout cells were obtained 2 hours 
after cellular injections and stained with cell surface markers for assessment by flow cytometry. 
Cell types assessed were monocytes, dendritic cells, neutrophils and T-cells. Data points represent 
individual mice, error bars represent mean + SD. Statistical signifcance was determined using the 
Kruskal-Wallis test (*p<0.05; **p<0.01). (N=10 total donor mice; N=6 for each recipient group). 
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Figure 4-16 Higher levels of macrophages with lower levels of activation are found in 
ROCK1nc recipients. The thymus from ROCK1wt (WT) or ROCK1nc (NC) donor mice were 
isolated into suspension and treated ex vivo with 1 µm dexamethasone for 4 hours. Treated cells 
were then injected intraperitoneal (IP) at 5x10

6
 cells to the appropriate recipients. It should be 

noted that the same cell prep at each injection was administered to the recipients. The peritoneal 
washout cells were obtained 2 hours after cellular injections and stained with cell surface markers 
for assessment by flow cytometry. Macrophage populations and co-stimulatory molecules MHCII, 
CD80 and CD86 were also assessed. The mean fluorescence intensity signifies level of staining, 
taking into account the cell number. Data points represent individual mice, error bars represent 
mean + SD. Statistical signifcance was determined using the Kruskal-Wallis test (*p<0.05; 
**p<0.01). (N=10 total donor mice; N=6 for each recipient group). 

4.2.6 Phagocytosis is temporarily altered with the ROCK1nc 
mutation  

Phagocytosis, or efferocytosis, is required for efficient cell clearance of 

apoptotic cells. As the ROCK1nc mutation is found all cells, including phagocytic 

cells, phagocytosis assays were utilised to explore how the mutation would 

affect not only apoptotic cells but also immune cells. Cells were obtained from 

the peritoneum of ROCK1wt and ROCK1nc mice and analysed for their immune 

cell makeup and phagocytic ability by flow cytometry (Figure 4-17). The 

peritoneal cell populations were composed of a variety of cells, including 

macrophages, dendritic cells, B-cells and T-cells (Figure 4-17A). Flow cytometry 
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results show that B-cells were the most abundant cell type found in the 

peritoneal washouts in both ROCK1wt and ROCK1nc mice. However, whilst T-

cells next predominate the cell population of the ROCK1wt mice, it appeared 

that macrophages out-numbered T-cells in the ROCK1nc mice. Dendritic cells 

were the least abundant cell types in both genotypes.  

The next step was to assess the phagocytic ability of the immune cells analysed. 

To this end, peritoneal washout cells from ROCK1wt and ROCK1nc mice were 

plated and incubated with fluorescent beads at a 2:1 ratio (beads:cells). Cells 

were harvested for flow cytometry analysis at 45 minutes and 4 hours post 

incubation to determine phagocytic capability. In addition to the beads, the 

inflammatory agent lipopolysaccharide (LPS) was added to some conditions to 

assess whether inducing immune cell activation would influence the ability of 

cells to undergo phagocytosis. In all cases, macrophages were the cell 

population that was positive for the fluorescent beads, suggesting that 

macrophages phagocytosed the beads (Figure 4-17). At 45 minutes post 

incubation, the macrophage populations from both ROCK1wt and ROCK1nc mice 

showed a similar intensity of bead fluorescence. The addition of LPS did not 

alter the intensity of fluorescence with the macrophages for either genotype. At 

4 hours post incubation however, there was a significantly greater fluorescence 

intensity in ROCK1nc macrophages in comparison to ROCK1wt macrophages. The 

addition of LPS appeared to have further increased the fluorescence intensity in 

ROCK1wt macrophages, but not ROCK1nc macrophages. These data suggest that 

ROCK1nc macrophages have uptake more fluorescent beads, and are therefore 

more phagocytic prior to stimulation.  

To extend these findings, phagocytosis was assessed using the Incucyte live cell 

imaging system, allowing for dynamic measurements over time. Using the same 

methods as previously discussed, the whole population of cells from peritoneal 

ROCK1wt and ROCK1wt washouts were incubated with fluorescent beads with 

and without LPS. Plates were then imaged using the Incucyte over 48 hours and 

analysed for overlapping fluorescence signals as a means to measure 

phagocytosis. Results show that ROCK1nc and ROCK1wt washout cells had 

increasing fluorescent signals over time (Figure 4-18A). ROCK1wt and ROCK1nc 

cells in this assay behaved in the same manner. Interestingly, the addition of LPS 

resulted in lower fluorescence intensity than without LPS.  
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Following on from bead internalisation, the Incucyte was also used to measure 

phagocytosis of apoptotic cells. In order to do this, ROCK1wt and ROCK1nc mice 

were crossed onto a Lifeact-green fluorescent protein (GFP) mouse to obtain 

fluorescently labelled peritoneal washout cells. The peritoneal washout cells 

from GFP-ROCK1wt and GFP-ROCK1nc mice were isolated and plated to adhere 

prior to co-incubation with apoptotic cells. Thymocytes isolated from ROCK1wt 

and ROCK1nc mice were subject to either control, dexamethasone (1 µM) or UVC 

(0.3 J/m2) treatment for an hour then labelled with a specific dye, pHrodo, that 

fluoresces only when there is a marked pH change as occurs inside a lysosome. 

Donor thymocytes were plated with peritoneal washout cells at a 1:1 ratio. 

Plates were then imaged using the Incucyte and analysed for overlapping 

fluorescent signals. All conditions were accounted for, i.e. donor thymocytes 

from both ROCK1wt and ROCK1nc mice were plated with washout cells from the 

two genotypes. Apoptotic cells treated with vehicle control from both ROCK1wt 

and ROCK1nc did not yield different signals when co-incubated with peritoneal 

cells from either genotype (Figure 4-18B). Interestingly, in the dexamethasone-

treated thymocytes, ROCK1nc thymocytes with ROCK1nc peritoneal washout 

cells seemed to have a trend for greater overlap compared to the other 

conditions (Figure 4-18C). ROCK1nc thymocytes when co-incubated with 

ROCK1wt washout cells also seemed to yield a higher overlap in fluorescence. 

However, the UVC-treated thymocytes of both genotypes resulted in similar 

percentage overlaps for all conditions (Figure 4-18D). The results here suggest 

that whilst under control and UVC inductions there were no differences in the 

phagocytic ability of peritoneal wash out cells, washout cells did have an 

increased affinity to phagocytose ROCK1nc thymocytes pre-treated with 

dexamethasone.  

The flow cytometry data showed that although there was a mixed population of 

cells, macrophages were likely to be the predominant phagocytic population. 

The ROCK1nc mutation may have affected the phagocytic population. At early 

time points post incubation, flow cytometry data indicated that ROCK1nc cells 

may be capable of more phagocytosis. However, this may be resolved as the 

Incucyte data, which looks at phagocytosis at more long term durations, would 

suggest that the uptake of beads was similar between the two genotypes. 

However, co-incubation with apoptotic ROCK1nc thymocytes treated with 
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dexamethasone resulted in a higher level of phagocytosis regardless of the 

genotype of the phagocytic cells. 

 

Figure 4-17 ROCK1nc macrophages may have greater phagocytic abilities in the short term. 
Peritoneal washout cells were isolated from ROCK1wt and ROCK1nc mice and assessed for the 
immune cell subtypes and their ability to uptake fluorescent beads. A) Flow cytometry results 
showing cell populations in peritoneal washouts. B,C/D, E) The washout cells were incubated at a 
2:1 ratio (fluorescent beads:cells) with and without lipopolysaccharide (LPS 200 ng/ml). Cells were 
harvested 45 minutes (B/C) and 4 hours (D/E) post co-incubation and stained for immune cells (as 
in A). Flow cytometry data was analysed using FloJo V10 to determine the phagocytic ability of the 
immune cells by looking at positivity of the fluorescent beads. Data points represent individual 
mice, error bars represent mean + SD. Statistical signifcance was determined using the Kruskal-
Wallis test (*p<0.05;). (N=3 for immune cell characterisation and 45 minute time points; N=6 for 4 
hour time points). 
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Figure 4-18 The ROCK1nc mutation does not alter phagocytosis in the long term. A) 
Peritoneal washout cells were isolated from ROCK1wt (WT) and ROCK1nc (RNC) mice. Cells were 
co-incubated with fluorescent beads at a 1:1 ratio, with or without the addition of lipopolysaccharide 
(LPS 200 ng/ml). Plates were then put into the Incucyte and imaged once every hour with 3 phase 
contrast and red fluorescent signal images per well for a period of 48 hours. Images were analysed 
for the overlap between cells and fluorescent signals as a readout for phagocytosis. C/D) 
Peritoneal washout cells (PW) were isolated from GFP-ROCK1wt and GFP-ROCK1nc mice. 
Thymocytes (T) obtained from ROCK1wt and ROCK1nc mice were pre-treated with either vehicle 
control, dexamethasone (1 µM), or UVC (0.3 J/m

2
), labelled with pHrodo dye, then co-incubated 

with washout cells at 1:1 ratio. Plates were put into the Incucyte and imaged once every hour with 3 
images per well for a phase contrast, green and red fluorescent signals for 44 hours. Control wells 
were used for spectral unmixing to normalise the signal intensities and bleed-through between the 
signals. Images were analysed for the overlap between cells and fluorescent signals as a readout 
of phagocytosis. The line represents the mean (N=5 biological replicates, with triplicates per 
experiment). Due to the great variability, the error bars are not shown. 

4.2.7 The ROCK1nc mutation does not alter the release of 
intracellular contents from apoptotic thymocytes  

Apoptotic cells are often self-contained, limiting the release of intracellular 

contents that could otherwise provoke an immune response. Cells that die via 

necrosis, or secondary necrosis, release intracellular contents known as damage 

associated molecular patterns (DAMPs) such as adenosine triphosphate (ATP) 

(Rock and Kono, 2008). If the ROCK1nc mutation alters the apoptotic 

morphology, this could alter the release of intracellular contents from apoptotic 

thymocytes. In order to investigate this, a lactate dehydrogenase (LDH) assay 

was used to assess the release of intracellular contents using LDH as a proxy. 

Briefly, thymocytes isolated from ROCK1wt and ROCK1nc mice were treated with 

dexamethasone (1 µM) for 4, 8 and 24 hours. Post incubation, LDH release was 

assessed using a chemiluminescence assay. The results show that there were no 
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increases in the levels of LDH detection with the treatment of dexamethasone at 

4, 8 or 24 hours for either ROCK1wt or ROCK1nc thymocytes (Figure 4-19). In 

fact, the detection of LDH has not altered over time regardless of treatment and 

regardless of genotype. The results of this assay would suggest that neither 

dexamethasone treatment nor the ROCK1nc mutation altered the release of 

LDH.  

 

Figure 4-19 The release of intracellular content was unchanged in ROCK1nc apoptotic 
thymocytes. Thymocytes isolated from the thymus of ROCK1wt and ROCK1nc mice were treated 
with a vehicle control (cont) or dexamethasone (Dex) at 1 µM. At 4, 8 and 24 hours post treatment, 
an LDH assay was performed to detect the levels of LDH in the supernatant, a marker of the 
release of intracellular contents. Data points represent individual mice, error bars represent mean + 
SEM (N=3 per group). 

4.2.8 Apoptotic thymocytes do not conclusively bleb 

So far, any differences between ROCK1wt and ROCK1nc were subtle or not 

sustained for long periods of time. The obvious question following these 

experiments is whether thymocytes bleb. In order to investigate this, 

thymocytes isolated from the thymus of ROCK1wt and ROCK1nc mice were 

treated with a vehicle control or dexamethasone. Cells were then fixed and 

imaged using scanning electron microscopy (SEM) 4 and 8 hours after 

dexamethasone treatment. Thymocytes are small in diameter, ranging roughly 

from 4-7 µm according to the literature (Abe and Ito, 1970). The microscopy 

images showed that the thymocytes from ROCK1wt and ROCK1nc mice were 

indeed approximately 4-7 µm in diameter (Figure 4-20, Figure 4-21). At 4 hours, 

ROCK1wt and ROCK1nc thymocytes looked relatively healthy. As thymocytes 

often undergo spontaneous apoptosis when outside of the thymus, a small 

number of cells had some small circular membrane areas, likely to be blebs. In 

the vehicle control group, the majority of ROCK1wt and ROCK1nc thymocytes 

appeared to be round and healthy (Figure 4-20). Representative images do show 

a thymocyte with what could be described as a bleb in the ROCK1wt control 
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condition (red circle). In the dexamethasone-treated ROCK1wt thymocytes, 

more cells had a distinct morphology. It could be interpreted that these cells 

were apoptotic. Only a minority of cells showed this morphology. The ROCK1nc 

thymocytes did not seem to deviate far from the round shape, but rather 

seemed somewhat smoother on their surface.  

At 8 hours, control treated ROCK1wt and ROCK1nc thymocytes appeared similar 

in their morphologies (Figure 4-21). Dexamethasone-treated thymocytes had 

more cells with an altered morphology. The representative images suggest that 

the dexamethasone-treated ROCK1wt may have apoptotic blebs, however this is 

the minority of the population. ROCK1nc thymocytes treated with 

dexamethasone did display some degree of altered cellular morphology, 

including cells that are oval-like and distorted. However, this altered 

morphology did not precisely resemble the round blebs seen in the ROCK1wt 

thymocytes. There was a low number of cells in both genotypes that exhibited 

altered morphology at 4 and 8 hours. Although it does seem that some 

thymocytes displayed apoptotic blebs in the ROCK1wt condition, it was not 

obvious as with other cell types, including mouse embryonic fibroblasts and 

hepatocytes (Julian, 2015, Naylor, 2019). Due to the variability, small numbers 

and inconsistencies in morphology, quantifications were not feasible. Therefore, 

it was difficult to conclusively determine if thymocytes do indeed display 

apoptotic membrane blebs or in the case of the ROCK1nc cells, display deficient 

apoptotic blebbing.  
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Figure 4-20 Representative scanning electron microscopy images of ROCK1wt and 
ROCK1nc thymocytes at 4 hours post dexamethasone treatment. Thymocytes were isolated 
from the thymus of ROCK1wt and ROCK1nc mice. Cells were treated with either a vehicle control 
(cont) or 1 µm dexamethasone (Dex) for 4 hours. Cells were then fixed and processed for scanning 
electron microscopy (SEM). These images were taken by Margaret Mullen at the University of 
Glasgow, with the JOEL 6400 scanning electron microscope. Red circles denote cells that seemed 
to have the blebbing phenotype in the ROCK1wt cells. The white squares are close up images of 
some of the cells found. This is representative of 2 biological replicates. Scale bars denote 5 µm in 
length.  
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Figure 4-21 Representative scanning electron microscopy images of ROCK1wt and 
ROCK1nc thymocytes at 8 hours. Thymocytes were isolated from the thymus of ROCK1wt and 
ROCK1nc mice. Cells were treated with either a vehicle control (cont) or 1 µm dexamethasone 
(Dex) for 8 hours. Cells were then fixed and processed for scanning electron microscopy (SEM). 
These images were taken by Margaret Mullen at the University of Glasgow, with the JOEL 6400 
scanning electron microscope. Red circles denote cells that seemed to have the blebbing 
phenotype in the ROCK1wt cells. The white squares are close up images of some of the cells 
found. This is representative of 2 biological replicates. Scale bars denote 5 µm in length 

4.3 Discussion 

This arm of the study was concerned with investigating the effects of the 

ROCK1nc mutation on apoptosis, cell clearance and immune responses. To this 

end, isolated thymocytes and mice were challenged in acute conditions. 

Dexamethasone, a glucocorticoid agonist that is known to cause lymphocyte 

apoptosis, was used to induce apoptosis in thymocytes (Cifone et al., 1999). 

Results from flow cytometry and western blotting revealed that dexamethasone 

did induce thymocyte death in both ROCK1wt and ROCK1nc cells to a similar 

degree. Thymocyte death was detected as early as 4 hours and at a more 

pronounced level by 8 hours for both genotypes. Additionally, western blots 
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showed that like ROCK1wt thymocytes, apoptotic ROCK1nc thymocytes display 

caspase-3 cleavage, confirming that apoptosis was occurring. The ROCK1nc 

mutation did not affect the biochemical mechanism of apoptosis and the kinetics 

of apoptosis at the points investigated. This set of results indicates that the 

ROCK1nc mutation did alter the ability of cells to undergo apoptosis or alter the 

apoptotic machinery.  

The next step was to investigate the role of apoptotic membrane blebbing in 

vivo by introducing the apoptosis inducing agent, dexamethasone. Administering 

dexamethasone IP to ROCK1wt and ROCK1nc mice resulted in reductions in 

thymic and splenic weights. This is consistent with the selectivity of 

dexamethasone, as this drug targets lymphocytes. Reductions in the percentages 

of thymic and splenic to body ratios were seen at 6 hours. At 24 hours, a 

significant reduction was observed in thymic and splenic weight loss for both 

genotypes in dexamethasone-treated mice compared to vehicle-treated mice. 

This loss was sustained at 30 hours post dexamethasone treatment in both 

genotypes as well. In both instances, no differences were seen between the 

genotypes in dexamethasone treated mice. It should be noted that although 

statistical significance was not seen at other time points, this would be due to 

low numbers of mice sampled. For example, it is possible that the 30 hour time 

point would have been significant with a greater cohort number. From the thymi 

harvested in these experiments, vehicle-treated ROCK1wt and ROCK1nc mice 

had the same architecture, including the cortex and medulla, as untreated 

thymic tissues. The thymus of both ROCK1wt and ROCK1nc mice were similar to 

vehicle treated thymi at 6 and 12 hours post treatment. Interestingly, at 24 and 

30 hours, the cortical areas were lighter suggesting a loss of cells in both 

ROCK1wt and ROCK1nc cohorts.  

This was confirmed when the apoptotic levels were investigated using cleaved-

caspase 3 staining. The cleaved caspase-3 staining revealed that cell death was 

evident at 6 hours and peaked at 12 hours. The majority of cleaved caspase-3 

positive cells were found in the cortex. By 24 hours, the localisation of cleaved 

caspase-3 positive cells was at the edges, which disappeared by 30 hours. This 

reflects what was seen with the H&E stains, as the cortical cells were likely to 

be dead and cleared by 24 hours, hence why the cortical areas were lighter. The 

mode of action of dexamethasone targeting lymphocytes, particularly in the 
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cortex has been described (Ahmed and Sriranganathan, 1994). The kinetics 

observed in these experiments were similar to previously described results. 

Previous data have shown that dexamethasone-induced apoptosis was highly 

evident at 18 hours and barely detected at 24 hours (Ahmed and Sriranganathan, 

1994). In addition to cleaved caspase-3 staining, another assay to assess 

apoptosis, the terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) assay, should be carried out to confirm the immunohistochemistry 

results observed here.  

The cell death observed in the thymus from dexamethasone triggered 

recruitment of macrophages and neutrophils. Macrophages and neutrophils are 

generally the first responders at sites of damage. As such, results showed that 

there was a significant increase in the levels of neutrophils and macrophages at 

24 hours post dexamethasone treatment compared to vehicle-treated cohorts. 

This was observed in both ROCK1wt and ROCK1nc genotypes. By 30 hours, the 

levels of these immune cells did decrease, which coincided with the kinetics of 

apoptosis that dexamethasone induced. Overall, this study investigating the 

acute effects of dexamethasone showed that the kinetics of apoptosis and 

responses to acute apoptosis induction in ROCK1nc mice was similar to ROCK1wt 

mice.  

This set of results is in contrast to what might have been expected. Given the 

high apoptotic activity and ROCK1 levels in thymocytes, I expected that there 

would be a difference in the clearance of the dead cells, however this was not 

the case. This could suggest that the apoptotic morphology may not be 

important in thymic clearance or perhaps there were compensating mechanisms 

to ensure efficient clearance despite aberrations in apoptotic morphology. It is 

known that there are professional and nonprofessional phagocytes which are 

crucial to maintaining thymic homeostasis (Arandjelovic and Ravichandran, 

2015). Nonprofessional phagocytes in the thymus, such as thymic epithelial cells, 

can aid in eliminating apoptotic cells. Additionally, as there are far greater 

thymocytes in comparison to macrophages, it has been proposed that 

macrophages phagocytose multiple apoptotic cells and corpses. Furthermore, 

although SEM images could not confirm apoptotic membrane blebbing in 

ROCK1wt and deficient apoptotic membrane blebbing in ROCK1nc thymocytes, 

ROCK1nc thymocytes did not look necrotic. Previous findings in the Olson lab 
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using mouse embryonic fibroblasts and hepatocytes have shown a necrotic-like 

phenotypes in ROCK1nc cells, which did not seem to occur in ROCK1nc 

thymocytes at the time points investigated (Julian, 2015, Naylor, 2019). Given 

the combination of both professional and non-professional phagocyte clearance 

and a potentially non-necrotic phenotype in ROCK1nc thymocytes, these factors 

could perhaps explain why results observed in ROCK1wt and ROCK1nc mice were 

similar upon dexamethasone challenge.  

Following on from this, another method was utilised in order to explore the 

effect of the ROCK1nc mutation on apoptotic thymocytes would have in regards 

to immune responses and immune infiltrations. To this end, an adoptive transfer 

assay was carried out in which the effects of the apoptotic cells and resident 

phagocytic cells could be functionally separated, to compare to the ROCK1nc 

mouse that is a whole animal model. Across the board, the immune cell 

populations were higher in ROCK1nc recipients. Interestingly, the recipient 

genotype seemed to contribute to the changes more than the genotype of the 

donor apoptotic cells themselves. This indicates that the genotype of the 

apoptotic thymocytes and potentially, how the cells die is not as important. 

There are a few ways to interpret this set of results. One hypothesis is that the 

immune system is not as efficient as clearing out the apoptotic cells in the 

ROCK1nc mice. As more T-cells were observed, this was likely due to a 

combination of the thymocytes and infiltrating T-cells. In addition, the 

macrophage population, although higher in ROCK1nc recipients, had lower levels 

of MHCII.  

In contrast, a more plausible hypothesis is that the ROCK1nc cells are trained 

and conditioned to respond differently than ROCK1wt cells due to higher 

inflammatory environment from defective apoptotic blebbing. The cells in the 

ROCK1nc mice are in a constant state of inflammation and thus have to adapt to 

deal, which is reflected in in the results shown here. The higher influx of 

immune cells coupled with the low activation status is consistent with previous 

results seen in the Olson lab. The ROCK1nc mice had lower levels of cytokines to 

begin with under physiological conditions, which could be an adaption to deal 

with the higher inflammatory state from defective apoptotic membrane blebbing 

(Julian, 2015). Taken together, these experiments suggest that ROCK1nc 
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mutation could affect a recipient mouse and its response to apoptotic cells 

regardless of the donor apoptotic cell genotype.  

To interrogate this further, phagocytosis was investigated in vitro. ROCK1nc 

mice had higher levels of macrophages in comparison to ROCK1wt mice. It was 

also these macrophages which had the greater propensity to take up fluorescent 

beads as a surrogate of phagocytosis. This was shown at 4 hours post beads 

incubation, where ROCK1nc macrophages did have a significantly higher level of 

fluorescence, likely indicating higher phagocytic activity. This would suggest 

that at this time point, the ROCK1nc mutation has had an effect on the 

phagocytic cells. Despite this difference in the short term, in the long term using 

microscopy to analyse phagocytosis, elevated phagocytic capabilities of ROCK1nc 

macrophages was not sustained. However, flow cytometry is more accurate in 

discerning the different cell types and phagocytic levels and therefore, should 

be performed at a later time point. Levels of fluorescence in the peritoneal 

washout cells were comparable between ROCK1wt and ROCK1nc cells when co-

incubated with beads. As seen with the flow cytometry data, the addition of LPS 

also reduced phagocytic activity as lower percentages of overlap between 

fluorescence and cells were observed. This phenomenon has been described in 

the literature, as LPS does inhibit the ability of macrophages to phagocytose 

(Feng et al., 2011).  

The temporary increase in phagocytosis could be attributed to two main reasons 

– an off target effect of the ROCK1nc mutation or the activation of macrophages 

and immune cells prior to isolation. Given the non-apoptotic role of caspase-3 in 

macrophage polarity cytoskeletal reorganisation (Liu et al., 2016b), this could 

explain the enhanced phagocytosis at the shorter time point. Equally, as 

ROCK1nc mice seem to have a different, more anti-inflammatory milieu (Julian, 

2015), this could explain the higher phagocytic capabilities as phagocytes can 

engulf more when not activated (Feng et al., 2011). Using bone marrow derived 

macrophages, and not peritoneal macrophages, for example could mitigate any 

changes the phagocytes may undergo in a whole body system. To this end, it 

would be important to assess the phenotypes and antigen presentation 

capabilities of the phagocytes, macrophages and dendritic cells. Utilising the 

ovalbumin-specific t-cell receptor transgenic mouse model (OT1 and OT2 

system), antigen presentation capabilities of the phagocytes can be examined.  
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Isolated thymocytes from ROCK1wt and ROCK1nc were also pre-treated with 

either a vehicle control or death inducing agent, and labelled with pHrodo dye 

that fluoresces inside the acidic environment of lysosomes. Given the flow 

cytometry data, it was assumed that the washout cells responsible for 

phagocytosing the apoptotic cells were macrophages. As expected, vehicle 

treated thymocytes did not yield a difference when co-incubated with peritoneal 

washout cells irrespective of genotype. Dexamethasone treated ROCK1nc 

thymocytes in combination with ROCK1nc washout cells trended to having a 

greater percentage of fluorescence overlap. Out of the 5 biological repeats, 3 

showed the same trend. This could possibly indicate that the ROCK1nc mutation 

could affect phagocytosis, especially when co-incubated with ROCK1nc washout 

cells. Results seen in the phagocytosis experiments indicate that there are no 

overall differences in how ROCK1nc phagocytes and ROCK1nc apoptotic 

thymocytes behave.  

The flow cytometry data did point to a significant increase in phagocytic 

capability of ROCK1nc macrophages, however, this appeared to transient as it 

was not sustained in the longer term assays. It would be insightful to repeat 

these using flow cytometry analysis at longer time points, such as 8, 18, 24 and 

48 hours to determine if the enhanced phagocytosis seen in ROCK1nc 

macrophages is indeed transient using the same methodology where a difference 

was observed. A caveat of the flow cytometry experiments should be noted: 

Cells positive for fluorescence could have beads stuck to their surface rather 

than phagocytosed, giving a false positive. Preliminary results using confocal 

microscopy and z-stacks did suggest that beads were taken up by cells and not 

stuck on their surface (data not shown).  

A key parameter to determining if the ROCK1nc mutation affects apoptotic cell 

morphology is the release of intracellular contents. The LDH assay was used as a 

surrogate marker for the release of intracellular contents. Surprisingly, the 

results obtained from this assay showed that dexamethasone did not increase 

the detected levels of LDH at 4, 8 or 24 hours post treatment compared to 

vehicle treated ROCK1wt and ROCK1nc thymocytes. Thymocytes are much 

smaller than other cells, so it could be that the levels of LDH release are low or 

even undetectable. Increasing the cell numbers or inducing apoptosis using other 

means such as UVC are two ways that could be used to optimise the assay and to 
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compare the results further. Other assays to detect the release of immunogenic 

contents, such as ATP or high mobility group box 1 (HMGB1), might perhaps be 

more informative to determine if ROCK1nc thymocytes had altered apoptotic 

morphology.  

Given all the results obtained, mice with the ROCK1nc mutation either had 

comparable results to ROCK1wt cohorts, or subtle or short term differences. SEM 

was used to visualise the morphology of thymocytes as they are small in nature 

and cannot be well resolved with normal microscopes. SEM images at 4 and 8 

hours showed that dexamethasone treatment seemed to be causing 

morphological changes in some thymocytes that were more obvious in ROCK1wt 

cells than ROCK1nc cells. At 8 hours post dexamethasone, more cells did have an 

altered morphology, particularly in ROCK1wt cells, but this was not conclusively 

quantified. ROCK1nc cells appeared to have a smoother texture, although it is 

difficult to conclude with certainty that these are deficient in blebbing.  

Previous published data provided evidence that thymocytes do bleb when 

treated with acrylonitrile (Mikhutkina et al., 2004). This was shown with phase 

contrast microscopy in the study by Mikhutkina et al., although these 

observations were confounded by blurry images showing putative apoptotic blebs 

on the surface of the thymocytes. Moreover, Jurkat human T-cells have been 

shown to bleb when the death ligand agonist, Fas, was administered (Tixeira et 

al., 2020). The apoptotic membrane blebbing observed with Jurkat cells was 

abrogated when a ROCK inhibitor was used, giving confidence that thymocytes 

did indeed bleb in a ROCK-dependent manner. However, the extent to which 

they bleb may not be as profound as other cells. Previous results in the lab with 

other cell types, particularly mouse embryonic fibroblasts have displayed 

canonical blebbing and obvious deficiencies in apoptotic blebbing in MEFs 

bearing the ROCK1nc mutation (Julian, 2015). One possibility as to why 

thymocytes may not bleb to the same extent is their small size and low 

cytoplasm to nucleus ratio. Thymocytes are small, largely made up of their 

nucleus. Apoptotic membrane blebbing relies on forceful contraction that causes 

blebs to protrude that are filled with cytoplasmic fluid. Perhaps, as thymocytes 

have less cytoplasm and area for contractile forces to occur, smaller and 

infrequent blebs may arise when cells undergo apoptosis. Although 

dexamethasone did cause apoptosis, using other apoptotic inducers such as BH3 
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mimetic drugs to see if the thymocytes behaved in a similar manner might shed 

more light on apoptotic membrane blebbing in thymocytes.  

The results shown here indicate that the ROCK1nc mutation has either no 

observable effect, or subtle, small or transient effectson thymocyte apoptosis, 

immune cell responses and cell clearance. There is an indication that phagocytes 

may respond differently with the ROCK1nc mutation. However, why this may be 

is still unclear. For the most part, ROCK1nc thymocytes behaved in a similar 

manner to ROCK1wt cells both in vivo and in vitro. The results in this chapter 

have not supported my initial hypothesis, which could indicate that the thymus, 

an organ brimming with apoptotic activity, does not rely heavily on apoptotic 

membrane blebbing for efficient cell clearance. This would imply that ROCK1-

mediated apoptotic membrane blebbing could be dispensable in this tissue, even 

when challenged with an apoptotic stimuli. 
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5 Impact of the ROCK1nc mutation in a genetic 
model of lung tumourigenesis  

5.1 Introduction  

5.1.1 KRAS and MYC driven lung adenocarcinoma 

Lung cancer is considered one of the leading causes of cancer-related death 

worldwide (CRUK, 2017). Lung cancers can be characterised based on their 

histological profile into non-small cell lung cancer (NSCLC) and small cell lung 

cancer (SLC), with the majority of cases being NSCLC (van Zandwijk et al., 

1995). NSLCs are further subdivided into adenocarcinoma, bronchioalveolar 

carcinoma, large cell carcinoma and squamous cell carcinomas (Kwon and Berns, 

2013). Of the subtypes of NSCLC, lung adenocarcinomas (LuADs) account for 50% 

of the cases observed (Ischenko et al., 2017). A multitude of genetic mutations 

found in NSCLCs contribute to the heterogeneity of the disease (Vogelstein et 

al., 2013). In LuADs, oncogenic mutations in the Kirsten rat sarcoma viral 

oncogene homologue (KRAS) protein are highly prevalent, occurring in roughly 

30% of cases (2014). KRAS mutations are prognostic markers for poorer outcomes 

(Graziano et al., 1999). Of the activating mutations in KRAS, the G12D point 

mutation is one of the more common oncogenic mutations (Ferrer et al., 2018). 

Activating KRAS mutations promote tumourigenesis through enhanced cell 

proliferation, migration and survival via the mitogen activated protein kinase 

(MAPK), phosphoinositide 3- kinase (PI3K) and the small GTPase, including Rho, 

effector pathways (Downward, 2003, O'Hagan and Heyer, 2011). 

In addition to KRAS, amplification of MYC is also observed in NSCLC patients 

(Iwakawa et al., 2011, Massó-Vallés et al., 2020). MYC amplification occurs in 

over 20% of LuADS, associated with poor prognosis of patients harbouring this 

oncogenic amplification (Iwakawa et al., 2011). The MYC protein regulates a 

variety of cellular processes including cell proliferation, but also, cell death. A 

delicate balance in the levels of MYC determine which pathway a cell takes. A 

modest overexpression of MYC promotes cell proliferation, while a large increase 

in MYC pushes a cell towards death (Neidler et al., 2019). In addition to the 

proliferative effects, oncogenic amplification of MYC promotes invasion and 

metastasis, as well as angiogenesis (Rapp et al., 2009, Wolfer et al., 2010, 
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Shchors et al., 2006). A modest augmentation in MYC expression is seen more 

frequently in LuADs in comparison to the high amplification of MYC (Seo et al., 

2014). 

Recapitulating LuAD by utilising genetically modified mouse models (GEMs) has 

significantly increased our understanding of the disease. KRASG12D combined with 

deregulation of MYC cooperate to drive the formation of LuADs (Kortlever et al., 

2017, Kruspig et al., 2018). Kortlever et. al. have elegantly demonstrated that 

the cooperation of KRASG12D and amplification of MYC in an inducible model of 

LuAD that results in an immunosuppressive and inflammatory environment in 

lung tumours (Kortlever et al., 2017). Mice with oncogenic KRASG12D and 

overexpression of MYC will be referred to here as the KM model. The KM model 

is associated with an increase in macrophage infiltration and a reduction in cells 

that target the tumour itself, including T-cells and neutrophils. This immuno-

suppressive effect is largely driven by MYC itself (Kortlever et al., 2017, Topper 

et al., 2017). Additional studies have shown that KRAS can also contribute to the 

immunosuppressive environment found in tumours by stabilising the programmed 

death ligand 1 (PDL1) protein (Coelho et al., 2017). These studies collectively 

establish the roles of KRAS and MYC in suppressing the immune system in this 

GEM model of LuAD. 

5.1.2 APOBEC3b drives mutagenesis 

The apolipoprotein B mRNA editing enzyme catalytic subunit 3B (APOBEC3B), 

one of seven APOBEC proteins, is a cytosine deaminase. APOBEC3B can 

deaminate deoxycytidine (C) on single-stranded DNA into deoxyuridine (U) 

(Henderson and Fenton, 2015). DNA base alterations by members of the APOBEC 

family were initially recognised as an immune response against viral agents 

(Harris et al., 2003, Mangeat et al., 2003). Evidence linking APOBEC proteins and 

carcinogenesis emerged over 20 years ago (Yamanaka et al., 1995). More recent 

evidence implicates APOBEC3B in causing mutations in human cancers, as this 

protein is amplified in tumour tissues and cancer cell lines, particularly in 

breast, ovarian and lung cancers (Roberts et al., 2012, Harris et al., 2003, Burns 

et al., 2013, Leonard et al., 2013). As APOBEC3B was shown to be significantly 

increased in human LuAD samples, it was hypothesised that the heterogeneity 

observed in human LuAD tumours may be attributed to the mutational load 
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brought on by APOBEC3B (Swanton et al., 2015). Furthermore, a retrospective 

study demonstrated a correlation between elevated levels of APOBEC3B with 

poorer prognosis of NSCLC patients (Yan et al., 2016). These studies established 

an association between APOBEC3B and tumourigenesis. As these findings are still 

relatively novel, GEM models studying the role of APOBEC3B, particularly in 

conjunction with other mutations, in lung cancer have not yet been reported.  

5.1.3 Experimental Aims 

In this chapter, the aim was to assess whether the ROCK1nc mutation, and by 

extension apoptotic membrane blebbing, would affect tumourigenesis. This will 

help discern the role of ROCK1 cleavage in tumourigenesis. Two lung 

adenocarcinoma models were utilised in this study – the KM (KRASG12D, cMYC 

overexpression) and the KMA model (KRASG12D, cMYC overexpression, APOBEC3B 

overexpression). The unpublished data on the KMA model showed an extension 

of survival and enhanced immunogenicity in comparison to the KM model 

(Murphy lab, unpublished observations). Given the relationship between 

immunogenicity and apoptosis, the KMA model was chosen to address if 

apoptotic membrane blebbing played a role in an immunological model of 

tumourigenesis. The KM model was utilised as a control to determine if the 

mutation might also impact an immunologically silent lung cancer model 

(Kortlever et al., 2017). Furthermore, ROCK1 was shown to be overexpressed in 

NSCLC lung tissues, correlating with poorer prognosis of patients (Hu et al., 

2019). With the addition of the ROCK1nc mutation to the KMA model, the 

hypothesis was that the abrogated apoptotic membrane blebbing would negate 

the survival extension. However, based on the fact that ROCK1nc delayed liver 

cancer in a carcinogenic model (Olson lab, unpublished) ROCK1nc mutation could 

in fact further the survival benefit seen with APOBEC3B conditional 

overexpression, by potentially contributing to the immuno-surveillance of 

tumours (Julian, 2015).  
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5.1.3.1 Autochthonous Lung Adenocarcinoma Models 

The models used in this arm of the study are based on an autochthonous lung 

adenocarcinoma model developed in the Murphy lab (Beatson Institute). The 

expression of the transgenes (MYC, KRASG12D, APOBEC3B) in the mouse models, 

were induced by expression of Cre recombinase from an adenoviral vector. Cre 

recombinase expression was under the control of the surfactant protein c (Sp-C)-

promoter, targeting recombination of alleles in type II alveolar cells (Glasser et 

al., 1991, Linnoila et al., 1992, Neidler, 2015). Mice expressing KRASG12D and 

MYC were denoted as KM, whilst mice additionally expressing APOBEC3B were 

called KMA. A mixture of mice with and without the expression of near-infrared 

fluorescent protein (iRFP) were also utilised in the KM and KMA cohorts (Hock et 

al., 2017). KM mice develop tumours that resemble human lung adenocarcinoma 

(Neidler et al., 2019). Interestingly, when this model was combined with a 

conditionally expressed APOBEC3B transgene (Beatson Institute, D. Strathdee 

lab), an extension in survival was observed (Murphy lab, unpublished 

observations).  

It is speculated that tumours in the KMA model are more immunogenic due to 

higher mutational loads. Thus, increased immune-surveillance may play a part in 

extending survival beyond what is seen with the KM model. Mice bearing the 

ROCK1nc mutation were crossed to the two lung cancer models utilised in this 

study (KM and KMA). The mouse cohorts used to investigate the role of ROCK1-

mediated apoptotic membrane blebbing in lung adenocarcinoma are outlined in 

the table below (Table 5-1).  
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Mouse Cohort Genotypes 

KM-WT 
LSL-KRASG12D (Het); LSL-MYC (HET); ROCK1 (WT); LSL-iRFP 

(WT/HET/HEMI) 

KM-NC 
LSL-KRASG12D (Het); LSL-MYC (HET); ROCK1 (NC mutation 

HOM); LSL-iRFP (WT/HET/HEMI) 

KMA-WT 
LSL-KRASG12D (Het); LSL-MYC (HET); LSL-APOBEC3B (HET); 

ROCK1 (WT); LSL-iRFP (WT/HET/HEMI) 

KMA-NC 
LSL-KRASG12D (Het); LSL-MYC (HET); LSL-APOBEC3B (HET); 

ROCK1 (NC mutation HOM); LSL-iRFP (WT/HET/HEMI) 

 

Table 5-1 Experimental cohorts denoting genetic alleles in ROCK1 mice on KM or KMA 
models. There were 4 main cohorts used in this study – KM-WT, KM-NC, KMA-WT, KMA-NC. KM 
mice contain the LSL-KRAS

G12D
, LSL-MYC, and variable LSL-iRFP expression. KMA mice contain 

the same alleles as the KM with the addition of LSL-APOBEC3B. WT cohorts contain endogenous 
expression of wild-type ROCK1 while NC cohorts contain a homozygous ROCK1nc mutation. 

5.2 Results 

5.2.1 The ROCK1nc mutation accelerates tumourigenesis in the 
KMA lung adenocarcinoma model  

KMA mice at the age of 8-10 weeks were administered with adenoviral Sp-C-Cre 

via intranasal inhalation to induce the genetic alleles specifically in the lungs. 

The ROCK1nc mutation is ubiquitously-expressed mutation. KMA mice wild-type 

for the ROCK1nc mutation (KMA-WT) or homozygous for the ROCK1nc mutation 

(KMA-NC) were aged and harvested at clinical endpoint. The end-point clinical 

signs that indicate lung tumours include breathing difficulties, weight loss and a 

pinched body phenotype. Interestingly, the addition of the ROCK1nc mutation 

significantly accelerated tumourigenesis (p=0.0021), with a median survival of 

112 days compared to 153.5 days for KMA-WT mice (Figure 5-1). This 

acceleration was observed in both male and female mice. The expression of the 

iRFP reporter did not alter the survival of these mice. This survival analysis has 

shown that the full body ROCK1nc mutation, and by extension, defective 

apoptotic blebbing, plays a role in accelerating tumourigenesis. 
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Figure 5-1 The ROCK1nc mutation accelerates tumourigenesis in the KMA lung 
adenocarcinoma model. Kaplan-Meier survival curve for KMA-WT and KMA-NC mice showing 
accelerated tumourigenesis in KMA mice bearing the ROCK1nc mutation. Mice were administered 
with a Sp-C Cre adenovirus via intranasal inhalation at 8-10 weeks of age to induce the expression 
KRAS

G12D
, MYC and APOBEC3B in type II alveolar cells. The ROCK1nc mutation is expressed in 

all cell types from birth. Median survival was 153.5 days for ROCK1wt cohorts, and 112 days for 
ROCK1nc cohorts from the date of viral induction. Lines represent the percentage of live mice. 
Statistical significance was determined using the Log-rank (Mantel-Cox) test. (KMA-WT – N=14, 10 
males, 4 females (9 iRFP mice); KMA-NC – N=14, 10 males, 4 females (8 iRFP mice)).  

5.2.1.1 The lung tumour burden at clinical endpoint is comparable between 
KMA-WT and KMA-NC mice 

The lungs of mice harvested at clinical endpoint were fixed in formalin and 

embedded in paraffin. FFPE lung samples were then sectioned into 3 different 

levels, at 100 µm apart. These sections were stained with hematoxylin and eosin 

(H&E) and tumour burden was quantified using HALOTM image analysis software 

(Figure 5-2). Representative images show the algorithm-determined tumour 

(red) and lung tissue (green) areas (Figure 5-2A). The percentage average of the 

tumour areas was comparable between KMA-WT and KMA-NC mice (Figure 5-2B). 

This model does not often have liver metastasis. However, the liver weights 

were also noted in the event that the ROCK1nc mutation promoted metastasis. 

No macro-metastases in the liver were observed, which was reflected in the 

comparable ratios of liver to body weights in both genotypes (Figure 5-2C). As 

some mice in both cohorts expressed the iRFP reporter gene in their lungs, this 

was used as an independent means to assess tumour burden. Although there was 

variability in the fluorescence intensity in the KMA-NC cohort, both genotypes 

displayed similar levels of iRFP expression (Figure 5-2F). To confirm that 
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metastasis had not occurred, liver images were also taken and no IRFP positivity 

was detected (data not shown). The fluorescence tumour data sets reiterate the 

results seen with the histology data; indicating that the ROCK1nc mutation did 

not alter tumour burden at clinical endpoint, despite the accelerated 

tumourigenesis observed. 
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Figure 5-2 The ROCK1nc mutation did not alter endpoint tumour burden in the KMA lung 
cancer model. KMA-WT and KMA-NC mice were harvested at clinical endpoint post induction via 
intranasal inhalation (Sp-C Cre 1x10

8
 pfu). The tumour burden was determined using histology by 

H&E stains. Sections of FFPE tissues were cut 100 µm apart, for a total of 3 sections. Sections 
were then quantified using Halo

TM
 A) Representative images of one section showing the H&E 

stains of lung tissues and a marked-up image depicting lung tissue (green) and tumour tissue (red). 
B) Halo

TM
 quantifications of the average percentage of tumour area, by calculating the tumour area 

as a percentage of the tissue area of each level and averaging the 3 levels. Data points represent 
individual mice showing an average of the 3 sections per mouse, error bars represent mean + SD 
(N=5 per genotype). C) The percentage liver to body weight ratios of KMA-WT and KMA-NC mice. 
Data points represent individual mice, error bars represent mean + SD (KMA-WT N=11, KMA-NC 
N=7) D, E) Representative images of iRFP-positive lung tissues. 1 depicts the lung tissue and 2 the 
background signal. F) Quantification of fluorescent signals by HALO

TM
 from lung tissues were 

measured by reducing the fluorescent signal by the background signal. Data points represent 
individual mice, error bars represent mean + SD (KMA-WT N=4, KMA-NC N=5). Scale bars denote 
1 cm in length.  
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5.2.2 KMA-NC mice have more apoptotic cells in endpoint 
tumours 

To probe the differences seen in survival when the ROCK1nc mutation was 

present, levels of cell apoptosis in the lung tumours were assessed. This was 

done using immunohistochemistry on FFPE lung samples from clinical endpoints 

in KMA-WT and KMA-NC mice. Representative images reflect the low number of 

cleaved caspase-3 positive cells in both KMA-WT and KMA-NC lung samples 

(Figure 5-3). When quantified using HALOTM, KMA-NC mice have a statistically 

significantly higher percentage of cleaved caspase-3 staining when compared to 

KMA-WT mice (Figure 5-3). Although there was a higher percentage of staining in 

the KMA-NC cohort, both cohorts still have a very low percentage of apoptotic 

cells, at less than 0.1%. Despite the low levels of apoptotic cells, this set of 

results suggest that the addition of the ROCK1nc mutation to the KMA model may 

result in a higher level of apoptotic cells detected in these tumours.  

 

Figure 5-3 KMA-NC lung tumours have greater levels of cleaved caspase-3 staining. FFPE 
lung tissue samples from KMA-WT and KMA-NC mice at clinical endpoint were sectioned (4µm), 
and stained for cleaved caspase-3 (Cl. Casp3). Left - Representative images showing KMA-WT 
and KMA-NC lung tissue stained with Cl.Casp3 and quantified using Halo

TM
. Scale bars are shown 

in the images. Left panel shows the whole tissue at 2x magnification and the right panel shows a 
20x magnification. Right - Data points show the average percentage of Cl.Casp3 stain area to 
tissue area. Each point represents individual mice, error bars represent mean + SD. (N=5 KMA-
WT; N=4 KMA-NC). 
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5.2.3 Immune cell profile assessments of KMA mice  

5.2.3.1 Histological assessment of immune cells of KMA mice at clinical 
endpoint 

One hypothesis on how APOBEC3B expression might delay MYC/KRas induced 

tumourigenesis is that there is increased immune cell infiltration. Therefore, it 

was interesting to compare the immune cell status of the lung samples obtained 

from KMA-WT and KMA-NC tumours. Immunohistochemistry was used to stain for 

T-cell populations, CD4 and CD8 T-cells, as well as myeloid cells, macrophages 

and neutrophils. These sections were then quantified using HALOTM. 

Representative images of the CD4 stain showed low numbers of positive cells 

(Figure 5-4A). This was reflected in the quantifications, with less than 0.8% CD4 

stain area to tissue area (Figure 5-4B). There seemed to be a slightly lower level 

of CD4 positive T-cells in the KMA-NC lung samples in comparison to KMA-WT 

samples. Similarly, there were low levels of CD8α positive T-cells in both KMA-

WT and KMA-NC lung tissues (Figure 5-4C, D). In a similar fashion to the CD4 

positive T-cells, there was a slightly lower percentage of CD8α stained area in 

KMA-NC mice in comparison to KMA-WT mice (Figure 5-4D). In both instances, 

there was quite high variability between the mice in KMA-WT samples (Figure 

5-4B, D). There also seemed to be a fairly similar percentage of CD4 and CD8α 

staining area in the tissues. Largely, the CD4 and CD8α T-cell populations in the 

lungs at clinical endpoint were slightly lower in the KMA-NC mice compared to 

KMA-WT mice.  

The macrophage population was investigated using antibody staining for the 

macrophage-selective F4/80 epitope by immunohistochemistry. The 

representative images show the presence of macrophages in both the KMA-WT 

and KMA-NC lung tissues (Figure 5-5A). The quantifications of the sections using 

HALOTM showed that there was a comparable percentage of F4/80 stained area 

between the two genotypes at clinical endpoint (Figure 5-5B). Similarly, the 

neutrophil population was assessed using antibody staining for the Ly6G epitope 

by immunohistochemistry. Representative images show that there were some 

neutrophils in the lungs of both KMA-WT and KMA-NC mice (Figure 5-5C). When 

quantified, although there seemed to be a lower percentage of Ly6G stained 

area in the KMA-NC cohort, this was not statistically significant (Figure 5-5D). 

The myeloid population investigated, similar to the T-cell population, seemed to 
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be fairly comparable between the genotypes at this time point. There were 

however, more macrophages found in the lung samples than the other cell types. 

It should be noted that for these four cell types, there was no specific 

localisation of the immune cells to the tumour area. The immune cells were 

generally distributed throughout the tissues. With the caveat that only a small 

number of tumours have been assessed, these results suggest that the ROCK1nc 

mutation did not overtly affect the immune landscape in the KMA model. 
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Figure 5-4 Representative staining and quantification of CD4 and CD8α T-cells. FFPE lung 
tissue samples from KMA-WT and KMA-NC mice at clinical endpoint were sectioned (4 µm) and 
stained for CD4 and CD8α T-cells. A, C) Representative images showing KMA-WT and KMA-NC 
lung tissues stained with CD4 (A) and CD8α antibodies (C). These were quantified using Halo

TM
. 

Scale bars are shown in the images at 5 mm (left) and 100 µm (right). Left panesl show the whole 
tissue and right panels show a 20x magnification. B) Data points show the average percentage of 
CD4 (B) and CD8α (D) stained area to tissue area. Each point represents individual mice, error 
bars represent mean + SD. (N=5 for both genotypes). 
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Figure 5-5 KMA-WT and KMA-NC mice have fairly similar levels of myeloid cells at clinical 
endpoint. FFPE lung tissue samples from KMA-WT and KMA-NC mice at clinical endpoint were 
sectioned (4µm) and stained for F4/80, a macrophage marker, or Ly6G, a neutrophil marker. A, C) 
Representative images showing KMA-WT and KMA-NC lung tissues stained with F4/80 (A) and 
Ly6G (C). These were quantified using Halo

TM
. Scale bars are shown in the images at 5 mm (left) 

and 100 µm (right). Left panels show the whole tissue and the right panels show a 20x 
magnification. B) Data points show the average percentage of F4/80 (B) and Ly6G (D) stained area 
to tissue area. Each point represents individual mice, error bars represent mean + SD. (N=5 for 
both genotypes). 
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5.2.3.2 Circulating immune cells at clinical endpoint are unchanged 

The circulating immune cells at clinical endpoint were also determined using the 

IDEXX ProCyte Dx* (IDEXX). The results from blood samples revealed that there 

were no differences between KMA-WT and KMA-NC mice in their white blood 

cell, lymphocyte, monocyte or neutrophil counts (Figure 5-6). This collectively 

shows that at clinical endpoint, the ROCK1nc mutation had not altered the 

immune cell populations in circulation or in the tumour.  

 

Figure 5-6 Circulating immune cells were equivalent in KMA-WT and KMA-NC mice. 
Circulating white blood cells, lymphocytes, monocytes and neutrophils were counted from blood 
samples from KMA-WT and KMA-NC mice at clinical endpoint. Samples were run on the IDEXX 
ProCyte Dx*; Data points represent individual mice, error bars showing mean + SD (KMA-WT 
N=11; KMA-NC N=10). 

5.2.4 KMA mice bearing the ROCK1nc mutation have a greater 
tumour burden at an 8 week time point 

As a survival difference was observed between KMA-WT and KMA-NC cohorts, but 

no differences in tumour burden were detected, understanding how the 

ROCK1nc mutation accelerates tumourigenesis was important. An earlier time 

point was therefore investigated. KMA-WT and KMA-NC mice at 8 weeks post 
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intranasal inhalation were harvested and assessed for tumour burden and 

immune cell populations. The tumour burden was investigated through 

immunohistochemistry. FFPE lung tissues from 8 week post genetic 

recombination were sectioned at 3 different levels, at 100 µm apart in order to 

obtain a holistic picture of the lung. These sections were stained with H&E and 

then quantified using HALOTM (Figure 5-7A). Representative images show that the 

tumours found in the lung were dense and darker than neighbouring cells. The 

algorithm on HALOTM discriminates the normal tissue (green) from tumour tissue 

(red). The average percentage of tumour area within lung tissues showed a 

marked statistically-significant increase in tumour burden in KMA-NC mice 

compared to KMA-WT mice at 8 weeks (Figure 5-7B; p=0.028). The liver weights 

of mice were also taken as a rough indication of metastatic burden. The 

percentage of liver to body weight ratios were comparable between KMA-WT and 

KMA-NC mice (Figure 5-7C). Furthermore, no metastases were visually observed 

in the livers histologically, nor in the iRFP images of the KMA-WT or KMA-NC 

mice (data not shown).  

As some of the mice in both cohorts contained the reporter allele iRFP, the Pearl 

Imaging system was also used to quantify tumour burden in lung and liver 

tissues. Representative images show the tumour cells in red in KMA-WT and KMA-

NC mice (Figure 5-7D). Pearl quantifications were analysed based on signal 

intensity subtracted from background intensity. The iRFP fluorescence was also 

statistically significantly greater in KMA-NC mice compared to KMA-WT (Figure 

5-7F; p=0.036). This complements the histological data, as both methods showed 

that KMA-NC mice have a greater tumour burden than KMA-WT mice. Pearl 

imaging also confirmed the absence of detectable metastatic cells in the liver 

(data not shown). This data set at 8 weeks showed that the ROCK1nc mutation 

increased tumour burden in the KMA model. The KMA-NC mice consistently 

showed worse prognosis compared to KMA-WT mice, which is sustained not only 

at clinical endpoint but also at this 8 week time point. A higher tumour burden 

at this pre-clinical stage in the KMA-NC cohort would contribute to the 

accelerated tumourigenesis in these mice (Figure 5-1). 
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Figure 5-7 KMA mice bearing the ROCK1nc mutation have a higher tumour burden at an 8 
week time point. KMA-WT and KMA-NC mice were harvested at 8 weeks post induction via 
intranasal inhalation (Sp-C Cre 1x10

8
 pfu). The tumour burden was determined using histology by 

H&E stains. Sections from FFPE were cut at 100 µm apart, for a total of 3 sections. Sections were 
then quantified using Halo

TM
 A) Representative images of one section showing the H&E stains of 

lung tissues and a marked-up image depicting the lung tissue (green) and tumour tissue (red). B) 
Halo

TM
 quantifications of the average percentage of tumour area, by calculating the tumour area as 

a percentage of the total tissue area of each level and averaging the 3 levels. Data points represent 
individual mice showing an average of the 3 sections per mouse, error bars represent mean + SD 
(N=4 per genotype). C) The percentage of liver to body weight ratios of KMA-WT and KMA-NC 
mice. Data points represent individual mice, error bars represent mean + SD (KMA-WT N=11, 
KMA-NC N=7) D,E) Representative images of iRFP positive lung tissues. 1 depicts the lung tissue 
and 2 the background signal. F) Quantification of fluorescent signals from lung tissues measured 
by reducing the fluorescent signal by the background signal. Data points represent individual mice, 
error bars represent mean + SD (KMA-WT N=6, KMA-NC N=3). 
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5.2.5 Increased apoptotic cells in the lungs of KMA-NC mice at an 
8 week time point 

As the ROCK1nc mutation affects apoptotic membrane blebbing, the next 

parameter investigated was apoptosis. This was done using an antibody that 

detects cleaved caspase-3 stain by immunohistochemistry. FFPE lung samples 

were sectioned at 3 levels, at 100 µm apart and stained for cleaved caspase-3. 

KMA-WT and KMA-NC mice displayed visually low numbers of cleaved caspase-3 

positive cells, denoted with the brown colour (Figure 5-8A). Stains were then 

quantified using HALOTM and averages over the three levels were determined. 

The average percentage of cleaved caspase-3 to tissue area was greater in three 

of the four KMA-NC mice compared to KMA-WT mice. It should be noted 

however, that both cohorts had relatively low levels of cleaved caspse-3 staining 

at less than 0.05%. Therefore, although there seems to be greater levels of 

apoptotic cells in the KMA-NC model, the significance of overall low levels is still 

unknown.  

 

Figure 5-8 Lung samples from KMA-NC mice display greater levels of apoptotic cells at 8 
weeks. FFPE lung tissue samples from KMA-WT and KMA-NC mice at 8 weeks were sectioned (4 
µm), at 100 µm apart for a total of 3 levels, and stained for cleaved caspase-3 (Cl.C3). A) 
Representative images showing KMA-WT and KMA-NC lung tissue stained with Cl.C3, quantified 
using Halo

TM
. Scale bars are shown in the images at 1 mm (left) and 100 µm (right). Left panels 

show the whole tissue and the right panels show a 20x magnification. B) Data points show the 
average percentage of Cl.C3 stained area to tissue area. Each point represents individual mice, 
error bars represent mean + SD. A Mann-Whitney statistical test was performed and no significant 
differences were found (N=4 for both genotypes).  
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5.2.6 8 Immune cell profiling of KMA mice at 8 weeks post 
induction 

Characterising the immune landscape in the tumours of KMA mice is an 

important aspect to understand what is driving the change in tumour 

susceptibility, given that the KMA model is believed to be immunogenic. 

Additionally, is it widely established that there is a relationship between the 

presence and activation of immune cells, and tumour development (Gajewski et 

al., 2013). In order to characterise the immune cell profiles in the 8 week 

cohort, three approaches were taken – flow cytometry and 

immunohistochemistry to assess immune cell populations in the lungs, and the 

IDEXX ProCyte Dx* to analyse immune cell populations in the circulation. 

5.2.6.1 Flow cytometry analysis of immune cells at 8 weeks post induction 

Flow cytometry analysis on lung samples of 8 week KMA-WT and KMA-NC mice 

was carried out to assess the T-cell populations and myeloid populations in the 

lungs. The T-cell populations studied include CD4 T-cells, CD8α T-cells, natural 

killer (NK) cells, NK T-cells, γδ T-cells and regulatory T-cells. Additionally, the 

activation status of CD4 and CD8 cells were also assessed through the expression 

of the surface marker CD44. The representative gating strategy for T-cells is 

shown in Figure 5-9. Flow cytometry results show that there were comparable 

levels of the T-cell and natural killer populations between KMA-WT and KMA-NC 

mice (Figure 1-10). The regulatory T-cell population however, seemed to be 

higher in some of the KMA-NC mice. There were also no differences observed in 

the activation status of the T-cell populations as seen by equivalent levels of 

cells positive for the expression of CD44 between the two genotypes. 

In addition to the T-cell panel, a myeloid panel was applied to interrogate 

macrophages, dendritic cells, neutrophil and monocyte populations (Figure 

5-11). The monocyte population was split based on the level of Ly6C staining 

into low/intermediate and high Ly6C expression. Monocytes that were 

low/intermediate for Ly6C expression are generally regarded as anti-

inflammatory, whilst higher Ly6C expression correlates with an inflammatory 

signature (Peng et al., 2009). Similar to the T-cell panel, cells in the myeloid 

panel were at comparable levels between KMA-WT and KMA-NC mice at this 8 

week time point. The only population that seemed to have fewer cells in the 
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KMA-NC cohorts in comparison to the KMA-WT cohorts were the dendritic cells. 

Across the analysis, it should be noted that there was one data point in the KMA-

NC cohorts that was higher than the rest which belonged to the same mouse for 

both panels. The flow cytometry data suggested that at 8 weeks post-induction 

the levels of immune cells were largely comparable between KMA-WT and KMA-

NC cohorts.  

 

Figure 5-9 Representative gating strategy for T-cells from lung samples of 8 week old KMA-
WT and KMA-NC mice. Cells were stained using a T-cell antibody panel, run through the Attune 
NxT Flow cytometer and analysed using FloJo software. All cells were gated in panel A, followed 
by doublet cell exclusion (B). Gates were then applied on live cells (C). Natural Killer (NK) and NK 
T-cells were distinguished based on NK1.1 single positivity or dual positivity for NK1.1 and CD3 
expression (D). T-cells were gated for their CD3 positivity (E). The γδ T-cells were then classified 
based on the γδ T-cell receptor (TCR) positivity (F). T-cells were also distinguished based on their 
CD4 or CD8α positivity, showing the CD4 T-cell and CD8α T-cell populations (G). The activation 
status of T-cells were determined using the marker CD44 on CD8α T-cells (H), and CD4 T-cells (I). 
Regulatory T-cells (Tregs) were also determined from CD4 T-cells (J).  



Chapter 5  166 

 

Figure 5-10 T-cell populations in KMA lungs were not different in ROCK1nc mutant mice 
compared to wild-type. KMA-WT and KMA-NC mice were induced by viral induction via intranasal 
inhalation and tissue harvested at an 8-week time point. The right side of the lungs were isolated 
and stained to assess T-cell populations by flow cytometry. The T-cell populations assessed were 
CD4 T-cells, CD8α T-cells, γδ T-cells, regulatory T-cells, natural killer (NK) cells, and NK T-cells. 
The activation status of CD4 and CD8α T-cells was investigated using the CD44 marker. The cell 
count of each population was extrapolated to represent the count in the whole lung. Data points 
represent individual mice, error bars represent mean + SD. (N=KMA-WT N=10; KMA-NC N=5). 

 

Figure 5-11 Representative gating strategy for myeloid cell populations from lung samples 
at an 8 week time point from KMA-WT and KMA-NC mice. Cells were stained using a myeloid 
antibody panel, run through the Attune NxT Flow cytometer and analysed using FloJo All cells were 
gated in panel A, followed by a doublet cell exclusion (B). Gates were then applied on live cells (C). 
Dendritic cells were then classified based on the CD11c and MHCII positivity (D). Live cells were 
also gated on CD11b positivity (E). Macrophages were positive for F4/80 (G). Monocytes and 
neutrophils were distinguished by their Ly6C and Ly6G expression (F). Monocytes were classed as 
Ly6C

High
 or Ly6C

Intermediate/low
 expression. Neutrophils were positive for both Ly6C and Ly6G.  
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Figure 5-12 Myeloid cell populations in the lungs were comparable between KMA-WT and 
KMA-NC mice at an 8-week timepoint. KMA-WT and KMA-NC mice were induced by viral 
induction via intranasal inhalation and tissue harvested at an 8-week timepoint.  The right side of 
the lungs were isolated and stained to assess myeloid cell populations. Levels of macrophages, 
neutrophils, dendritic cells and monocytes, distinguished on the level of Ly6C expression 
(Intermedia/Low, and High) are shown for KMA-WT (blue) and KMA-NC (red). The cell count of 
each population was extrapolated to represent the count in the whole lung. Data points represent 
individual mice, error bars represent mean + SD. (N=KMA-WT N=10; KMA-NC N=5). 

 

5.2.6.2 Histological assessment of immune cells at an 8 week time point 

In addition to flow cytometry, immunohistochemistry analysis of CD4 and CD8α 

positive T cells, macrophages and neutrophils was also carried out. FFPE lung 

tissues from KMA-WT and KMA-NC mice 8 week post intranasal inhalation of 

Adeno-Cre were cut and processed in the same manner as the H&E samples. 

Three sections 100 µm apart were obtained, stained and then quantified using 

HALOTM. For the T-cells, an anti-CD4 and anti-CD8 antibody staining was used to 

distinguish between the two populations of T-cells (Figure 5-13). Representative 

images show the presence of both CD4 and CD8α T-cells (Figure 5-13A, C). When 

quantified and averaged, the percentage of CD4 positive staining area to tissue 

area appeared to be slightly higher in the KMA-NC cohorts (Figure 5-13B) 
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although there were only small numbers analysed. For the CD8α T- cell 

population, no differences were observed in the average percentage of CD8α 

positive staining area to tissue area (Figure 5-13D). It is also worth noting that 

there were relatively low levels of T-cells present at less than 1.5% per tissue 

area.  

To assess the levels of macrophages, the percentage of F4/80 staining to tissue 

area was quantified (Figure 5-14A, B). Due to the variability in the KMA-NC 

population, although it may seem that there was a greater average percentage 

of macrophages, it is likely to be comparable to KMA-WT tumours. The 

neutrophil population was investigated using anti-Ly6G antibody staining and 

quantified (Figure 5-14C, D). Although the neutrophil population might seem to 

be higher in the KMA-WT cohort, there was considerable variability between the 

mice in this instance. Similar to endpoint tumours, there were more 

macrophages than any other cell type investigated here, although still quite a 

low percentage (<1%) relative to the total tissue area.  

It should also be noted that none of the immune stains that were carried out had 

particular localisations and were found throughout the lung tissue. None of the 

comparisons were significantly different. However, it might be argued that there 

seemed to be some trends observed with the CD4 T-cells. To consolidate these 

findings, additional samples would need to be analysed to robustly demonstrate 

if the trends held up, and to counteract the variability seen in the macrophage 

and neutrophil analyses. Thus far, however there did not appear to be any major 

differences in the immune populations between the KMA-WT and KMA-NC 

populations at the 8 week timepoint in the lungs of this genetic model. 
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Figure 5-13 KMA-NC and KMA-WT mice have comparable levels of CD4 and CD8α T-cells in 
lungs harvested at an 8 week time point. FFPE lung tissue samples from KMA-WT and KMA-NC 
harvested at an 8 week timepoint post transgene induction were sectioned (4 µm), at 100 µm apart 
for a total of 3 levels, and stained for CD4 and CD8α positive T cells. A, C) Representative images 
showing KMA-WT and KMA-NC lung tissues stained with CD4 (A) and CD8α (C) at 1 level, 
quantified using Halo

TM
. Scale bars are shown in the images. Left panels show the whole tissue 

and the rights panel show a 20x magnification. B) Data points show the average percentage of 
CD4 (B) and CD8α (D) stained area to tissue area (in yellow outline). Statistical test: Mann-Whitney 
Test; no significant difference. Each point represents individual mice, error bars represent mean + 
SD. (N=4 for both genotypes). 
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Figure 5-14 Levels of macrophages and neutrophils were comparable in KMA-NC lung 
samples relative to KMA-WT at 8 weeks. FFPE lung tissue samples from KMA-WT and KMA-NC 
at 8 weeks were sectioned (4 µm), at 100 µm apart for a total of 3 levels, and stained for F4/80, a 
macrophage marker, and Ly6G, a neutrophil marker. A, C) Representative images showing KMA-
WT and KMA-NC lung tissue stained with F4/80 (A) and Ly6G (C) at 1 level, quantified using 
Halo

TM
. Scale bars are shown in the images. Left panels show the whole tissue and the right 

panels show a 20x magnification. B) Data points show the average percentage of F4/80 (B) and 
Ly6G (D) stained area to tissue area. Each point represents individual mice, error bars represent 
mean + SD. Statistical test: Mann-Whitney test; no significant difference (N=4 for both genotypes). 
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5.2.6.3 Circulating immune cells are unchanged at 8 weeks post viral 
induction in KMA-NC mice 

Finally, the circulating immune cell populations were also assessed in KMA-WT 

compared to KMA-NC mice at the 8-week time point. Results showed that there 

are no significant differences in the levels of white blood cells in the KMA-NC 

mice compared to KMA-WT mice (Figure 5-15). There may be a slight trend to an 

increase in the white blood cells in the KMA-NC mice, which might be due to the 

higher lymphocyte levels. The monocyte and neutrophil populations were at 

comparable levels between the two genotypes. This suggests that there are no 

differences between the two genotypes in regards to circulating white blood 

cells.  

 

Figure 5-15 No differences were observed in white blood cell populations circulating in the 
blood of KMA-NC and KMA-WT mice at 8 weeks. Circulating white blood cells, lymphocytes, 
monocytes and neutrophils were determined from blood samples from KMA-WT and KMA-NC mice 
at 8 weeks. Samples were run on the IDEXX ProCyte Dx*; Data points represent individual mice, 
error bars showing mean + SD (KMA-WT N=11; KMA-NC N=9). 
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5.2.7 KM-NC mice succumb to lung tumours faster than KM-WT 
mice 

The addition of the ROCK1nc mutation to the KMA model led to a significant 

differences in survival, with the mice expressing ROCK1nc succumbing to 

tumourigenesis faster. Whilst one hypothesis was that this may be due to the 

modulation of immunogenicity in the APOBEC3B lung cancer model, the ROCK1nc 

allele was also crossed into the KM lung mouse model to assess effects in a non-

immunogenic model. KM-WT and KM-NC mice were administered with the Sp-C-

Cre adenovirus via intranasal inhalation at 8-10 weeks old and left to age. When 

clinical presentations of lung tumours were observed, mice were harvested. The 

clinical signs of lung tumours were the same as in the KMA mice, including 

difficulties in breathing, a pinched phenotype and weight loss. The addition of 

the ROCK1nc mutation to the KM lung adenocarcinoma model also accelerated 

tumourigenesis (Figure 5-16). This acceleration was observed in both male and 

female mice. The presence of the iRFP reporter did not affect the survival of the 

mice. The median survival days of the KM-NC cohort was 102 days, which was 

significantly lower than the KM-WT cohort at 119 days (p=0.025). Defective 

apoptotic membrane blebbing resulted in a poorer outcome in the KM model as 

well as in the KMA model. 
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Figure 5-16 The ROCK1nc mutation accelerated tumourigenesis in genetic mouse model 
(KM) of lung adenocarcinoma mice. Kaplan-Meier survival curve for KM-WT and KM-NC mice. 
Mice were administered with 1x10

8
 pfu of Sp-C Cre adenovirus via intranasal inhalation at 8-10 

weeks of age to induce the expression KRAS
G12D

 and MYC in type II alveolar cells. The ROCK1nc 
mutation is expressed in all cell types from birth. Median survival was 119 days for ROCK1wt 
cohorts, and 102 days for ROCK1nc cohorts from the date of viral induction. Lines represent the 
percentage of live mice. Statistical significance was determined using the Log-rank (Mantel-Cox) 
test. (KMA-WT – N=16, 7 males, 9 females (5 iRFP mice); KMA-NC – N=17, 10 males, 7 females 
(8 iRFP mice)). 

5.2.7.1 Endpoint tumour burden in KM-NC and KM-WT are similar  

Lung tissues harvested from mice at clinical endpoint were fixed in formalin. 

FFPE samples were sectioned at 3 levels, at a 100 µm apart, and subsequently 

stained with H&E. These tissue sections were quantified using HALOTM and 

averaged (Figure 5-17). Representative images show lung tissue (green) and 

tumour tissue (red) areas that were determined using the HALOTM algorithm 

(Figure 5-17A). The average percentage tumour area of KM-WT and KM-NC mice 

wert similar at clinical endpoint (Figure 5-17B). As liver metastasis was possible, 

liver weights were noted. No visible metastases were observed when harvesting 

the mice and there were no differences observed in the percentage of liver to 

body weight ratios between the genotypes (Figure 5-17C). The fluorescence of 

the iRFP marker was not imaged in this particular case and therefore liver 

metastasis can’t be ruled out, however, given previous KMA experiments and 

others in the KM model, this is unlikely (Kruspig et al., 2018) These results shows 

that despite the accelerated tumourigeneses, the endpoint tumour burden was 

comparable between the two genotypes. 
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Figure 5-17 Endpoint tumour burdens are similar between KM-WT and KM-NC mice. KM-WT 
and KM-NC mice were harvested at clinical endpoint, post induction (Sp-C Cre 1x10

8
 pfu). The 

tumour burden was determined using histology by H&E stains. Sections from FFPE were cut at 100 
µm apart, for a total of 3 sections. Sections were then quantified using Halo

TM
 A) Representative 

images of one section showing the H&E stains of lung tissues and a marked-up image depicting 
the lung tissue (green) and tumour tissue (red). B) Halo

TM
 quantifications of the average 

percentage of tumour area, by calculating the tumour area as a percentage of the tissue area of 
each level and averaging the 3 levels. Data points represent individual mice showing an average of 
the 3 sections per mouse, error bars represent mean + SD (N= per genotype). C) The percentage 
of liver to body weight ratios of KM-WT and KM-NC mice. Data points represent individual mice, 
error bars represent mean + SD (KMA-WT N=12, KMA-NC N=13).  

5.2.8 KM-NC mice have greater levels of apoptotic cells 

Cell death was explored in the endpoint lung tissues of KM-WT and KM-NC mice 

using immunohistochemistry. The sections were stained with antibody against 

cleaved caspase-3 and quantified using HALOTM. Representative images show 

that there was a low number of caspase-3 positive cells in both KMA-WT and 

KMA-NC lungs (Figure 5-18A). When quantified, there was a statistically 

significantly (p=0.03) greater percentage of cleaved caspase 3 stained area in 

KM-NC mice in comparison to KM-WT mice, although there were relatively low 

percentages of cleaved caspase-3 staining in both genotypes. The 

immunohistochemistry data showed that the addition of the ROCK1nc mutation 

altered the levels of apoptotic cells found in the lung tumours. 
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Figure 5-18 KM-NC mice have a greater percentage of cleaved caspase-3 staining in 
endpoint tumours. FFPE lung tissue samples from KM-WT and KM-NC at endpoint were 
sectioned (4 µm) and stained for cleaved caspase-3 (Cl.C3). A) Representative images showing 
KMA-WT and KMA-NC lung tissue stained with Cl.C3 of 1 levels, quantified using Halo

TM
. Scale 

bars are shown in the images at 1 mm (left) and 100 µm (right). Left panels show the whole tissue 
and the right panels show a 20x magnification. B) Data points show the average percentage of 
Cl.C3 stain area to tissue area. Each point represents individual mice, error bars represent mean + 
SD. Statistical test: Mann-Whitney; no significant differences (N=5 for both genotypes). 

 

5.2.9 Immune cell profiles of KM mice 

5.2.9.1 Assessment of immune cells in KM mice by immunohistochemistry 

The CD4 and CD8α T-cell populations and myeloid populations, macrophages and 

neutrophils, were also investigated in the KM model by immunohistochemistry. 

Sections of lung tissue from KM-WT and KM-NC mice were stained with anti-CD4 

and CD8α antibodies to assess the levels of T-cells at clinical endpoint. 

Representative images show that there are both CD4 and CD8α positive T-cells 

present in the lungs of both cohorts (Figure 5-19A, C). The CD4 and CD8α T-cell 

populations were comparable between KM-NC mice and KM-WT mice (Figure 

5-19B, D).  

The representative images show the presence of both macrophages and 

neutrophils in the endpoint tumours of both genotypes (Figure 5-20A, C). The 
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KM-NC cohort seems to have a greater percentage of F4/80 staining in 

comparison to KM-WT (Figure 5-20B). Although the KM-NC cohort might appear 

to have a greater percentage of F4/80 staining in comparison to KM-WT, this is 

likely due to an outlier of one mouse with low levels of F4/80 staining. Similarly, 

for the neutrophils, the KM-NC and KM-WT cohorts had similar levels of Ly6G 

staining (Figure 5-20D). It is important to note that the level of macrophages and 

neutrophil staining is relatively low. The addition of the ROCK1nc mutation to 

this KM model did not seem to particularly alter the levels of immune cells in 

endpoint tumours.  
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Figure 5-19 T-cells populations were comparable between KM-WT and KM-NC mice in 
endpoint lung tumours. FFPE lung tissue from KM-WT and KM-NC mice at endpoint were 
sectioned (4 µm), at 100 µm apart for a total of 3 levels, and stained for CD4 and CD8α positive T-
cells. A, C) Representative images showing KM-WT and KM-NC lung tissue stained for CD4 (A) 
and CD8α (C) then quantified using Halo

TM
. Scale bars are shown in the images. Left panels show 

the whole tissue and the right panels show a 20x magnification. B) Data points show the average 
percentage of CD4 (B) and CD8α (D) stained area to tissue area. Each point represents individual 
mice, error bars represent mean + SD. Statistical test: Mann-Whitney Test; no significant 
differences (N=5 for both genotypes). 
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Figure 5-20 Myeloid populations were similar in KM-NC and KM-WT endpoint lung tumours. 
FFPE lung tissues from KM-WT and KM-NC mice at clinical endpoint were sectioned (4 µm) 
stained for F4/80, a macrophage marker, or Ly6G, a neutrophil marker. A, C) Representative 
images showing KM-WT and KM-NC lung tissue stained with F4/80 (A) and Ly6G (C), and 
quantified using Halo

TM
. Scale bars are shown in the images. Left panels show the whole tissue 

and the right panels show a 20x magnification. B) Data points show the average percentage of 
F4/80 (B) and Ly6G (D) stained area to tissue area. Each point represents individual mice, error 
bars represent mean + SD. Statistical test; Mann-Whitney; no statistical difference. (N=5 for both 
genotypes). 
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5.2.9.2 Circulating immune cell levels are comparable between KM-WT and 
KM-NC mice 

Circulating immune cells were analysed in the KM cohorts. White blood cell 

counts, lymphocytes and neutrophils numbers were comparable between the 

two genotypes (Figure 5-21). The monocyte count was higher in a few KM-NC 

mice, however there was a high degree of variability in this cohort (Figure 5-21). 

The monocyte count appeared to be higher in the KM-NC cohort, however there 

were variabilities between the mice (Figure 5-21). Overall, these results show 

that there were no differences in the white blood cell populations circulating in 

the blood of KM-WT and KM-NC mice. 

 

Figure 5-21 No differences were observed in immune cell populations circulating in the 
blood of KM-WT and KM-NC mice. Circulating white blood cells, lymphocytes, monocytes and 
neutrophils were determined from blood samples from KM-WT and KM-NC mice at clinical 
endpoint. Samples were run on the IDEXX ProCyte Dx*; Data points represent individual mice, 
error bars showing mean + SD (KM-WT N=9; KM-NC N=13). 
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5.3 Discussion 

The ROCK1nc mutation disrupts apoptotic cell morphology. Previous chapters 

showed that apoptotic cell membrane blebbing was largely dispensable for 

physiological and acute challenges in the thymus. When introduced into a cancer 

setting, however, apoptotic membrane blebbing has shown to be important in 

hepatocellular carcinoma (HCC) (Julian, 2015, Naylor, 2019), and now, lung 

adenocarcinoma. The KM lung model is a well-characterised mouse model to 

study non-small cell lung carcinoma (Kortlever et al., 2017). The addition of 

elevated APOBEC3B expression to the KM model was carried out by the Murphy 

lab, resulting in increased heterogeneity and immunogenicity in this lung cancer 

model (data not shown, unpublished observations). The KMA model was chosen 

to study the ROCK1nc model because of these attributes as there is a strong 

correlation between apoptosis and the immune system, particularly in the 

ROCK1nc HCC model (Julian, 2015).  

The addition of the ROCK1nc mutation to the KMA model accelerated 

tumourigenesis and shortened survival. This set of results supports the initial 

hypothesis and contradicts what was seen with the HCC model. KMA-NC mice 

had a median survival of around 40 days less than KMA-WT mice. Despite this 

acceleration in death, the endpoint tumour burden in the KMA-NC mice was 

comparable to KMA-NC mice. Interestingly, at an earlier 8 week time point after 

oncogenic activation, the tumour burden was significantly higher in KMA-NC 

mice. This particular lung adenocarcinoma model is not known for being 

metastatic, which was not altered by the addition of the ROCK1nc mutation. The 

ROCK1nc mutation was not expected to affect any of the biological functions 

that ROCK mediates apart from the apoptotic membrane blebbing morphology. 

Thus, this set of results show that defective apoptotic membrane blebbing may 

worsen lung tumourigenesis. This is contrast to what was seen in the 

diethylnitrosamine (DEN) HCC model (Julian, 2015). In the DEN-HCC model, the 

ROCK1nc mutation reduced the tumour burden at 6 and 9 months after 

induction. The HCC model relies on a carcinogenic insult, which may respond 

differently to a genetic model in the way that apoptosis manifests and clearance 

is controlled. Furthermore, the lung and liver are two different organs, 

therefore these organs could respond differently to aberrant apoptotic 

membrane blebbing. 
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The ROCK1nc mutation was also crossed to the KM model to understand whether 

the difference seen in the KMA model was specific to the immunogenicity 

imparted by APOBEC3B over-expression. Contrary to expectations, the addition 

of the ROCK1nc mutation the KM model also accelerated tumourigenesis. 

Although defective apoptotic membrane blebbing worsened the survival 

outcome, the tumour burden at clinical endpoint was comparable to its wild-

type counterparts. It can be speculated that at an earlier time point, the tumour 

burden would be greater in the KM-NC mice than the KM-WT mice. To confirm 

this hypothesis, an earlier 8 week time point could be investigated.  

In both the KMA and KM models, the lung tumour samples obtained at clinical 

endpoint displayed statistically significantly higher levels of apoptotic cells with 

the ROCK1nc mutation. Similarly, although not statistically significant, there 

were also greater levels of cleaved caspase-3 staining in KMA-NC mice at the 8 

week time point. The percentage of cleaved caspse-3 staining was lower at 8 

weeks than at clinical endpoint in both genotypes. This could suggest that there 

was an increase in apoptosis over time. However, it should be noted that there 

were still a relatively low number of apoptotic cells in both models, at less than 

0.1%. There have been studies that have shown that elevated cleaved caspase-3 

levels in human cancer, including ovarian and colorectal cancer, is associated 

with poorer prognosis (Hu et al., 2014). Perhaps the levels of cleaved caspase-3 

positive cells is important for tumourigenesis. In addition to cleaved caspase-3, a 

terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay 

could be done to confirm the levels of apoptotic cells and accumulation of 

apoptotic debris.  

The low levels of apoptosis were unexpected. It was thought that enhanced 

apoptosis would extend survival, rather than contribute to tumourigenesis. One 

explanation could be the levels of MYC found in the tumours. The oncogene MYC 

has dual functions depending on the level found in the cell; at moderate levels, 

MYC drives proliferation, whilst MYC at high levels drives apoptosis (Murphy et 

al., 2008). Perhaps the proliferative signals dominate over the apoptotic signals. 

To confirm the proliferation status of the tumour cells, a 5-bromo-2'-

deoxyuridine (BrdU) labelling experiment or Ki67 stain by immunohistochemistry 

could be performed. Furthermore, if tumour cells have high MYC levels, it is 

often accompanied by the inactivation of the apoptotic machinery (Schmitt and 
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Lowe, 2002, Finch et al., 2006). Another hypothesis would be that the apoptotic 

machinery is disabled in many of the tumour cells, thus, only a small number of 

cells were caspase-3 positive. To double check the apoptotic status in these 

tumours, western blotting for ROCK1, cleaved caspase-3 and the Bcl-2 apoptotic 

related proteins would be informative.  

The KMA model was chosen as an example of an immunogenic tumour model, 

and so the immune cell profiles were investigated in the tumours. The results 

obtained in this study suggest that the ROCK1nc mutation did not alter the 

immune cell landscape in endpoint tumours or in circulation in the KMA model. 

Similar results were seen in the KM model, confirming that the ROCK1nc 

mutation did not alter the immune milieu. This was in contrast to what was 

observed in the HCC model, as increased neutrophils and CD8α T-cells were 

observed in ROCK1nc HCC tumours (Julian, 2015), which correlated with a lower 

tumour burden in the ROCK1nc mice. This suggests a relationship between 

apoptotic morphology and immune cell landscape. Furthermore, previous results 

in the Murphy lab showed that KMA tumours have a greater level of CD8α T-cells 

in comparison to the KM model (unpublished data). Due to these reasons, it was 

surprising that the ROCK1nc mutation did not make a difference to the immune 

landscape. . It would be interesting to assess if the phagocytic capabilities of 

macrophages and dendritic cells for tumour cells are functional in the KM/KMA 

models. Phagocytosis assays would be helpful in determining if phagocytosis of 

the tumour cells was impaired, and thereby making them difficult to be 

efficiently cleared. For example, apoptotic lung cells could be co-cultured with 

bone marrow derived macrophages to assess phagocytic ability and clearance.  

Based on these exciting results it is obviously important to deciphering how 

apoptotic membrane blebbing contributes to tumourigenesis and the clinical 

relevance of this observation. The crucial analysis would be to determine the 

apoptotic morphology of both healthy and tumour cells in the lungs. This could 

be done using scanning electron microscopy and time lapse microscopy. In 

addition, the release of intracellular contents from tumour cells would be 

informative. If the lung tumour cells have a disrupted apoptotic morphology, this 

could skew cell death towards a more necrotic phenotype – the release of 

intracellular content and necrosis has been with poorer prognosis in patients (Liu 

and Jiao, 2019). For example, detecting damage associated molecular patterns 
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(DAMPs) including ATP or HMGB1 in the tumours in vivo or using the lactate 

dehydrogenase LDH assay on apoptotic tumour and lung cells in vitro could shed 

light on the apoptotic status of the cells. Furthermore, understanding the levels 

of ROCK1 in the lung under physiological conditions and how it compares to a 

tumour setting would also be important. 

From a clinical standpoint, given the results in this study, a ROCK inhibitor might 

not be suitable treatment for lung cancer. However, ROCK inhibitors do not only 

inhibit the apoptotic morphology but also the biological functions of ROCK1 that 

could contribute to tumourigenesis by promoting cell migration and angiogenesis 

(Croft et al., 2004). Another study has further shown a relationship between 

poor prognosis and elevated ROCK1 levels in patients (Hu et al., 2019). 

Abolishing all biological functions of ROCK using an inhibitor in vitro abrogated 

cell migration, invasion and adhesion (Hu et al., 2019). Furthermore, the use of 

the ROCK inhibitor Fasudil, reduced the tumour burden in a DEN-induced HCC 

model, recapitulating what was seen in the ROCK1nc, DEN-HCC model (Naylor, 

2019, Julian, 2015) Another interesting study highlighted the effect of ROCK 

inhibitors and immunogenic cell death in promoting anti-tumour immunity in 

both syngeneic and genetic mouse mammary tumour models (Nam et al., 2018). 

Nam et. al. demonstrated that in the presence of ROCK inhibitor, phagocytes 

have a greater ability to clear tumour cells; the ROCK inhibitor specifically 

modulates the phagocytic ability of phagocytes and enhances T-cell priming by 

dendritic cells (Nam et al., 2018). These studies would suggest that a ROCK 

inhibitor may be beneficial as it underscores the contributions of the biological 

ROCK in tumourigenesis. As the ROCK1nc mouse model specifically dissects the 

role of apoptotic membrane blebbing, preliminary experiments are currently 

ongoing in KMA-WT cohorts treated with ROCK inhibitor, Fasudil. This drug would 

inhibit all the functions of ROCK, not only apoptotic membrane blebbing. It 

should be noted that although Fasudil does primarily target ROCK, it does also 

inhibit other kinases including protein kinase A. Whether a ROCK inhibitor would 

be useful in the lung adenocarcinoma model remains to be seen.  

The mechanism as to how this might occur is yet to be elucidated. Initial 

experiments into understanding how the lung and tumour cells die, as well as 

how the phagocytic cells clear tumour cells would be important. Performing in 

vitro experiments from isolated lung cancer cells from a ROCK1nc and ROCK1wt 



Chapter 5  184 

background to assess morphology and release of intracellular content upon 

apoptotic stimuli should be done. Furthermore, performing RNA sequencing on 

endpoint lung tumours would provide some direction into what pathways are 

important in tumourigenesis as currently, a mechanism is unknown.  

To interrogate the role of apoptotic membrane blebbing in tumourigenesis, 

understanding the role of apoptosis in tumours in necessary. Apoptosis is 

traditionally known to be immunologically silent. However, paradoxically, higher 

levels of apoptosis correlate with more aggressive tumours (Leoncini et al., 

1993, Gregory et al., 2016, Gregory and Paterson, 2018). In aggressive tumours, 

the levels of apoptotic cells range between 5-10% depending on the cancer type 

in comparison to 0.5-2% in non-aggressive cancers (Ucker and Levine, 2018)  It is 

also established that upon apoptosis, phagocytes including macrophages are 

recruited (Gregory and Devitt, 2004). The concept, onco-regenerative niche was 

developed to reflect the role of apoptosis in shaping tissue regeneration and 

aggressive malignant disease mediated by tissue-associated macrophages and 

extracellular vesicles (Gregory and Paterson, 2018). The suppression of apoptosis 

in B-cell non Hodgkin lymphoma xenografts resulted in a reduction in tumour 

associated macrophages and improved prognosis, suggesting that apoptosis can 

be important in modulating tumour activity (Ford et al., 2015). Additionally, 

extracellular vesicles from apoptotic endothelial cells have also shown 

immunomodulatory capabilities (Dieudé et al., 2015). It is then plausible then 

that extracellular vesicles from tumour cells can do the same. 

To this end, although a phenotype was observed in the KMA and KM model, 

alternative tumour models would perhaps be more intuitive and straightforward 

in deciphering the role of blebs in anti-tumour immunity. Using a transplant 

model system in a variety of ways could be more promising at deciphering the 

role of blebbing. For example, ROCK1nc lung tumour cells or fragments could be 

transplanted into ROCK1wt mice to assess tumour growth and clearance by 

immuno-surveillance of the tumour. Additionally, choosing a model system in 

which cell death is important and could promote tumourigenesis may be a better 

model system to address apoptotic membrane blebbing. It is also know that 

apoptosis can facilitate tissue regeneration, best characterised in the HCC model 

(El-Serag and Rudolph, 2007). Furthermore, T-cell lymphomas can arise due to 

higher susceptibility of older T-cells to apoptosis (Martins et al., 2014, Moreno, 
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2014) and in an aggressive B-cell xenograft model, apoptosis was shown to be 

important in transforming macrophages (Ford et al., 2015). Thus, using a T-cell 

lymphoma model or an aggressive B-cell lymphoma model may be more 

appropriate.   

In summary, the addition of the ROCK1nc mutation to two lung adenocarcinoma 

models, KMA and KM, resulted in accelerated tumourigenesis. This would suggest 

that defective apoptotic membrane blebbing propagates carcinogenesis 

irrespective of the ability of APOBEC3B to induce heterogenic and immunogenic 

tumours. 
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6 The role of the MDM2 P1 and P2 promoters in 
lymphomagenesis 

6.1 Introduction 

6.1.1 Overview of the MDM2 protein structure, function and 
regulation 

Murine double minute 2 (MDM2), belonging to the MDM family of proteins, is 

most notable for its negative regulation of the tumour suppressor p53. (Iwakuma 

and Lozano, 2003). As an E3 ubiquitin ligase, MDM2 can ubiquitinate its 

substrate, such as p53, which targets the protein for subsequent degradation 

(Nakamura et al., 2000). The p53-MDM2 axis has been extensively studied. The 

tumour suppressor p53 is responsible for regulating the gene expression of a 

variety of proteins involved in apoptosis in both the intrinsic and extrinsic 

pathways, including Bax and Fas (Haupt et al., 2003). The loss of MDM2 

contrbutes to unregulated p53, which results in p53-induced apoptosis(de 

Rozieres et al., 2000). As such, MDM2 is highly important in maintaining levels of 

p53 which ultimately can contribute to determining if a cell lives or dies.  

The relationship between the two proteins has been exemplified in in vivo 

models as mice deficient in the MDM2 protein are embryonically lethal (Montes 

de Oca Luna et al., 1995). This phenotype is however rescued by a deletion of 

TP53 in tandem with Mdm2. The MDM2 protein functions as either a homodimer 

or a heterodimer, with MDMX (also known as MDM4 in humans). The homolog 

MDMX resides out of the nucleus (Toledo and Wahl, 2007). Despite this, the loss 

of MDMX in vivo results in the same phenotype as MDM2 deletion and is similarly 

rescued by the loss of p53 (Migliorini et al., 2002). Without tight regulation of 

MDM2, there are repercussions on p53 and its functions. This is translated into a 

pathological phenotype, including cancer. Multiple human tumours exhibit an 

amplification of MDM2, which in turns represses the tumour suppressor p53 

(Rayburn et al., 2005). Thus, MDM2 can act as an oncogene if left unchecked.  

Although MDM2 is most notable for its interaction and control of p53, with a p53 

binding domain in its structure; it can also interact with other proteins and have 

p53 independent functions (Ganguli and Wasylyk, 2003). Utilising both in vitro 

and in vivo studies, MDM2 has been shown to be involved in a myriad of 
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biological functions including cell differentiation and cell cycle control (Riley 

and Lozano, 2012). Given the importance of the MDM2-p53 axis as well as the 

p53-independent functions of MDM2, tight regulation of MDM2 is required. This is 

achieved at both the transcription level (discussed next) and post-translational 

level (Lozano, 2012). The function of MDM2 can be negatively controlled by post-

translational modifications, such as phosphorylation, and its negative regulator 

p14ARF (Nag et al., 2013). The protein p14ARF retains MDM2 in the nucleolus, 

disrupting its function. These regulations are important in maintaining levels of 

MDM2 during homeostasis. Disruptions in these pathways often yields enhanced 

MDM2 functions. Thus, there are many parts in the MDM2-p53 axis that need to 

function correctly in order to maintain homeostasis.  

6.1.2 The MDM2 promoters 

The transcription of the Mdm2 gene is controlled by two promoters – P1 and P2 

(Figure 6-1). The P1 promoter is upstream of exon1 whilst the P2 is upstream of 

exon 2. The P1 promoter regulates the transcription of basal MDM2 expression 

and functions independent of p53. The P2 promoter, on the other hand, controls 

the expression of MDM2 induced by p53, under stressed conditions (Zauberman 

et al., 1995, Barak et al., 1994, Jones et al., 1996). This constitutes the 

feedback loop in the MDM2-p53 axis; higher levels of p53 induce the expression 

of MDM2, which in turn repress p53 (Lahav et al., 2004). The p53 protein binds 

to a response element upstream of exon 2 in Mdm2, driving transcription of 

MDM2.The transcription start site of the gene itself begins at exon 3. The 

transcript length depends on the promoter. The P1 promoter produces a longer 

transcript than the P2 promoter (Landers et al., 1997). Transcripts from the P1 

promoter are translated 8 times less efficiently than P2 transcripts (Jin et al., 

2003). Once translated, the MDM2 proteins are identical. The function of the 

MDM2 P2 promoter is currently better understood than the P1. It has been shown 

however that higher levels of the P1 transcript in conjunction with lower levels 

of p53 transcripts result in a poorer prognosis in human pancreatic 

adenocarcinomas (Grochola et al., 2011).  
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Figure 6-1 Mdm2 transcription driven by the constitutive P1 promoter and inducible P2 
promoter. The Mdm2 gene contains 13 exons (E). Constitutive expression of MDM2 is driven by 
the P1 promoter. Under conditions of stress, p53 can bind to the responsive element (RE) 
upstream of the P2 promoter to drive upregulation of MDM2, which in turn suppresses p53. This is 
part of the regulatory loop for the MDM2-p53 axis. The transcription start site begins at E3. The P1 
transcript is longer than the P2 transcript. Once translated, the protein is the same size (90kDa). 

6.1.3 MDM2 in lymphoma 

MDM2 is highly important in regulating homeostasis in cells. The oncogenic role 

of MDM2 in human cancers have been well documented, including leukemias and 

lymphoma (Wang et al., 2008). The MDM2 protein was found to be overexpressed 

in lymphomas, including non-Hodgkin’s lymphoma, Burkitt’s lymphoma and Myc-

driven lymphomas (Watanabe et al., 1996, Eischen et al., 1999, Wilda et al., 

2004). The Eµ-MYC transgenic mouse is a model of Burkitts lymphoma in which 

overexpression of c-MYC in B-cells leads to lymphomagenesis (Adams et al., 

1985). Inactivation of p53 in this model was commonly observed, whilst an 

overexpression of MDM2 was also found to occur (Eischen et al., 1999). Of note, 

overexpression of MDM2 using a genetically engineered mouse (GEM) model also 

predisposed to mice to spontaneous tumour formation, including lymphomas 

(Jones et al., 1998). 

6.1.4 Experimental background  

The project discussed in this chapter stemmed from findings in the Sansom lab 

(Beatson Institute) on teasing apart the role of the P1- and P2- MDM2 promoters 

in intestinal cancer using the ApcMin/+ mouse model of intestinal cancer. This was 

achieved through the use of mice with genetically engineered perturbations in 

either P1 or P2 promoter regions of MDM2. The ‘MDM2 P1-knockout (P1-null)’ 

model and ‘MDM2 P2-mutant’ model were generated by and in collaboration 

with Dr. Mark Boyd (University of Liverpool). In the P1-null mice, the P1 Mdm2 

promoter was deleted yielding a heterozygous deletion (P1-het) or homozygous 

deletion (P1-null), but transcription from P2 is unaffected. In the ‘P2-mutant’ 
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mouse, 8 base pairs in the P2 promoter region were mutated which essentially 

abolishes ability to transcribe from this promoter, but transcription from P1 is 

unaffected. The P1-null and P2-mutant mouse lines were then crossed onto the 

ApcMin/+ model. Interestingly, perturbation in tumour onset was observed in the 

P1-null model but not in the P2-mutant model. Mice with a heterozygous 

deletion of the P1 promoter had delayed intestinal tumourigenesis (unpublished 

data). Furthermore, none of the P1-promoter null mice reached endpoint with 

intestinal tumours. However, this data was confounded because before mice 

could develop symptoms of intestinal tumours, all P1-null mice had succumbed 

to thymic lymphoma. This was a highly unexpected phenotype as lymphomas do 

not normally occur in this intestinal model.  

6.1.5 Experimental aims 

The functions of MDM2 are well understood, however, the individual roles and 

the contribution of the P1 and P2 promoters in tumourigenesis is not well 

characterised. Both the P1 and P2 mouse models were crossed onto the Eµ-MYC 

lymphoma model. The rationale for this study was i) as a follow up to the 

emergence of lymphomas in the ApcMin/+-model to determine if disruption of one 

or either of the MDM2 promoters made lymphoid cells more tumour prone and, 

ii) in a model known to be susceptible to p53 loss (Eischen et al., 1999) could 

this dissect out the p53-dependent and p53-independent functions of MDM2.  

6.2 Results 

6.2.1 Heterozygous loss of the P1 or P2 Mdm2 promoters have 
opposite effect in lymphomagenesis  

To assess whether the status of the P1 and P2 MDM2 promoters had an effect on 

tumourigenesis and overall survival, mice on an Eµ-MYC background were 

crossed to the P1-knockout and P2-mutant mouse models. The effect of both the 

heterozygous and homozygous loss of the P1 promoter, and the heterozygous and 

homozygous disruption of the P2 promoter were explored in this model. All mice 

had been backcrossed to a C57Bl/6 background (N10) and littermate controls 

were used in each colony. Mice were aged and harvested upon clinical 

presentation of lymphoma or up until 330 days (roughly 11 months). Signs of 

lymphomagenesis included the enlargement of the lymph nodes, laboured 
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breathing which often signifies a thymic lymphoma, and distended abdomen for 

signs of splenic lymphomas. It should be noted that WT mice from the P1-null 

and P2-mutant cohorts were combined for the analysis as the survival curves 

were similar to each other and not statistically significantly different.  

In the P1-null cohort, both the heterozygous and homozygous loss of the P1 

promoter delayed lymphomagenesis in comparison to the wild-type MDM2 

counterparts (Figure 6-2A). The heterozygous loss of the P1 promoter has 

statistically significantly delayed the tumourigenesis in this model (p=0.03). At 

the time of writing, the P1-null cohort is still ongoing and is not yet matured and 

as such fails to reach statistical significance. However it appears that survival is 

extended (Figure 6-2A). It should be noted that mice null for the P1 promoter 

have reduced fertility, therefore it took longer to obtain mice with the correct 

genotype in this cohort. Furthermore, there is a higher number of females in 

comparison to males in the P1 cohorts, therefore it is still unknown whether this 

phenotype is the same in males. The Eµ-MYC lymphoma is known to have a high 

penetrance rate, with over 90% of mice developing lymphomas by 6 months on a 

mixed C57Bl/6 background (Harris et al., 1988). MDM2-WT mice did result in a 

relatively high percentage of disease incidence at the 330 day mark (11 months). 

The percentage incidence of P1-HET mice was much lower at 42%, whilst the P1-

HOM cohort thus far, has a disease penetrance of 67%. The heterozygous and 

homozygous loss of the P1 promoter not only delayed tumourigenesis, but also 

seemed to reduce penetration at the specified time point. Both the hetero- and 

homozygous loss of the P1 promoter behaves in a similar manner, suggesting that 

constitutive P1 promoter driving basal levels of MDM2 is likely to contribute to 

tumourigenesis.  

Interestingly, the heterozygous mutation of the P2 promoter significantly 

accelerated tumourigenesis in comparison to its MDM2 wild-type counterparts 

(Figure 6-2B; p=0.015). This acceleration in lymphomagenesis in the 

heterozygous P2 cohorts is seen in both males and females. Mice with a 

homozygous loss of the P2 promoter does have a lower median survival than WT 

cohorts; however, there are 5 mice in this cohort that contribute to the tail on 

the survival graph (% Incidence – WT - 82% vs HOM 64%; Median Survival – WT 152 

days vs HOM 123 days). This is seen in both male and female mice in the P2-HOM 

cohort. The P2 cohorts are completed and mature, and indicates that losing one 
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allele of the p53-inducible P2 promoter accelerates lymphomagenesis whilst the 

homozygous loss of the P2 promoter does not seem to alter tumourigenesis 

overall.  

 

Figure 6-2 The heterozygous loss of the P1 and P2 MDM2 promoter have opposing effects 
on lymphomagenesis in the Eµ-MYC model. All the mice in both experimental cohorts are Eµ-
MYC positive. In the P1-null cohort, the P1 promoter is either wild-type (P1 +/+), a heterozygous 
loss (P1 +/-) or a homozygous loss (P1 -/-). In the P2-mutant cohort, P2 promoter is either wild-type 
(P2 +/+), a heterozygous mutation (P2 +/-) or a homozygous mutation (P2 -/-). The median survival 
(days) are shown in the tables. Lines represent the percentage of alive mice. Statistical significance 
was determined using the Log-rank (Mantel-Cox) test. (P1 +/+ N= 18 (8 males & 10 females); P1 
+/-N=14 (4 males, 10 females); P1 -/-N=14 (3 males, 11 females); (P2 +/+ N= 19, 8 males & 11 
females; P2 +/-N=24 (8 males, 16 females); P2 -/-N=23 (10 males, 13 females). 

6.2.2 Distribution of disease is unchanged in the P1 and P2 MDM2 
experimental cohorts 

As well as differences in survival in the P1-null and P2-mutant experimental 

cohorts, the disease distribution was also assessed. At endpoint, Eµ-MYC+ mice 

present with clinical signs of lymphoma which can be categorised into 3 
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different groups – lymphoma, thymic lymphoma and multicentric lymphoma. 

Lymphomas present as enlargements of the lymph nodes and/or spleen, while 

thymic lymphomas predominately manifest as an enlarged thymus Mice with 

multicentric lymphoma have an enlargement of the lymph nodes, spleen and the 

thymus. As some differences were seen in the survival analyses, understanding if 

the altered MDM2 status could skew the disease profile was important. The type 

of lymphoma that the mice in both the P1-null and P2-mutant experimental arms 

succumbed to and their age was recorded.  

All three types of lymphoma categories are found in both the P1 and P2 cohorts 

(Figure 6-3). The heterozygous loss of the P1 promoter (P1-HET) cohort only 

contains one mouse that succumbed to thymic lymphoma (Figure 6-3A, B). 

Similarly, there is an even distribution of the three types of lymphomas in the P1 

HOM cohort (Figure 6-3A). When compared to each of the genotypes, the P1-HET 

cohort had two mice that succumbed to lymphomas whilst none of the mice in 

the P1-HOM cohort so far have been harvested due to lymphomas at the330 day 

time point (Figure 6-3A, B). Furthermore, there are low numbers of mice in both 

the P1-HET and P1-HOM cohort that succumbed to thymic lymphomas (Figure 

6-3). The results shown in the P1-null cohorts are a reflection of what is seen in 

the survival curves. The type of lymphomas and age that the mice were 

harvested due to lymphoma in the P1-HET and P1-HOM is likely a reflection of 

the enhanced survival seen in these two cohorts. The disease distribution in the 

P2 experimental arm is generally fairly distributed between the three types of 

lymphomas for each genotype (Figure 6-3C). The data also seems to suggest that 

P2-HET and P2-HOM mice succumbed to lymphomas slightly earlier than their WT 

counterparts (Figure 6-3C). This is again reflective of the lower median survival 

of the P2-HET and P2-HOM cohorts. Overall, for both the P1 and P2 experimental 

cohorts, there was no significant skew towards any lymphoma category.  
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Figure 6-3 The disease distribution profiles of the MDM2 P1-null and P2 mutant, Eµ-MYC 
cohorts at the 330 day time point. The disease category of wildtype (+/+), heterozygous loss (+/-) 
and homozygous loss (-/-) of the MDM2 P1-null and P2-mutant, Eµ-MYC+ mice were recorded at 
clinical endpoint. The disease distribution per genotype and the age of death of the P1 (A), and P2 
(C) are shown. Data points represent individual mice. Error bars represent mean + SD. Statistical 
test: Kruskal-Wallis (P1 +/+ N=17; P1 +/- N=9; P1 -/- N=7) (P2 +/+ N=18; P2 +/- N=22; P2 -/- 
N=17). B/D) Data sets shown based on number of mice in the disease category for the P1-null and 
P2-mutant experimental cohorts. A/C) WT- Blue, HET- Green, HOM-Red/Pink; B/D) Pink – 
Lymphoma; Orange – Thymic lymphoma; Purple - Multicentric  

6.2.3 Organ weights are unchanged in the MDM2 P1 and P2 
experimental cohorts at endpoint 

In addition to the disease distribution, another parameter to assess whether the 

Mdm2 status altered the tumour profile at endpoint is the mouse and organ 

weights. The body and organ weights of the P1 and P2 mice were recorded at 

clinical endpoint. The organs that were weighed include the spleen, thymus, and 

mesenteric lymph node (MLN) as this can be used as a proxy for disease burden. 

In the P1 experimental arm, generally, the P1-HOM mice seemed to have a 

slightly lower body weight compared to P1-HET and P1-WT mice (Figure 6-4). 

Despite this, the percentage of the spleen, thymus and MLN weight to body 

weight ratio is relatively comparable between the WT, P1-HET and P1-HOM 

cohorts. In the P2 experimental arm, the body weight of the WT, P2-HET and P2-

HOM mice are comparable (Figure 6-5). The spleen, thymic and MLN weights to 

body weight percentages are also comparable between the genotypes. As the 
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skew of disease distribution was not different between the genotypes in the P1 

and P2 experimental arm, the results obtained here are as expected.  

 

Figure 6-4 Body and organ weights of Eµ-MYC; MDM2-P1-null mice are comparable to 
MDM2-P1-WT controls. The body, spleen, thymus and mesenteric lymph node (MLN) weights 
were recorded for wild-type P1 (+/+) mice, mice with a heterzygous loss of the P1 promoter (+/-) 
and mice with a homozygous loss of the P1 promoter (-/-), all on an Eµ-MYC background. The 
percentage of organ to body weights were then calculuated. The data points represent individual 
mice. Error bars represent mean + SD. Statistical test: Kruskal-Wallis (+/+ N=12, +/- N=9-10; -/- 
N=7). 
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Figure 6-5 Body and organ weights of Eµ-MYC; MDM2-P2- mutant mice are comparable to 
MDM2-P2-WT controls. The body, spleen, thymus and mesenteric lymph node (MLN) weights 
were recorded for wild-type P2 (+/+) mice, mice with a heterzygous loss of the P2 promoter (+/-) 
and mice with a homozygous loss of the P2 promoter (-/-), all on an Eµ-MYC background. The 
percentage of organ to body weights were then calculuated. The data points represent individual 
mice. Error bars represent mean + SD. Statistical test: Kruskal-Wallis (+/+ N=13, +/- N=14; -/- 
N=16). 

6.2.4 Histological analysis of Eµ-MYC, MDM2 P1-null and P2-
mutant lymphoma tumours 

As mentioned previously, the Eµ-MYC model is characterised by an expansion of 

the B-cell population as the MYC oncogene expression is driven by the 

immunoglobulin heavy chain promoter. Immunohistochemistry was performed on 

formalin fixed, paraffin embedded (FFPE) tumour samples. Haematoxylin and 

eosin (H&E) stains showed dense cells indicative of tumour area (Figure 6-6). 

The representative high magnification image show clusters of large blast like 

cells which were found in all genotypes (Figure 6-6B). To confirm that the 

tumours were B-cell lymphoma, tumours were stained for the B-cell marker, 

CD45R (B220) by immunohistochemistry (Figure 6-7). In both the P1-null and P2-

mutant cohorts, the CD45R stain confirmed that the majority of the tumour 

tissues were indeed B-cell lymphomas. Interestingly, two P1 HOM thymic 

lymphoma tumours were negative for the CD45R stain. This indicates that the 

thymic lymphomas in this sample are unlikely to be of B-cell origin.  
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Figure 6-6 Representative H&E staining in the Eµ-MYC; P1-null, Eµ-MYC; P2-mutant 
lymphomas. FFPE endpoint tumours from the P1-null and P2mutant, Eµ-MYC cohorts were 
sectioned (4µM) and stained for hematoxylin and eosin (H&E). P1 WT (+/+) N=3, P1 HET (+/-) 
N=6, P1 HOM (-/-) N=6; P2 WT (+/+) N=3, P2 HET (+/-) N=6, P2 HOM (-/-) N=6. Scale bars are 
denoted in the images. SPL=Spleen, THY=thymus 
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Figure 6-7 Representative immunohistochemistry images stained for CD45R in Eµ-MYC; P1-
null and Eµ-MYC; P2-mutant mice FFPE tumour tissues at endpoint in Eµ-MYC, MDM2 P1-null 
and P2-mutant cohorts. Tissues were sectioned (4µM) and stained for the B-cell marker, CD45R 
(B220). P1 WT (+/+) N=3, P1 HET (+/-) N=6, P1 HOM (-/-) N=6; P2 WT (+/+) N=3, P2 HET (+/-) 
N=6, P2 HOM (-/-) N=6. Scale bars are denoted in the images. SPL=Spleen, THY=thymus 
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6.2.5 Endpoint Eµ-MYC lymphomas have similar apoptotic levels 
regardless of the status of MDM2 

The MDM2 protein is tightly linked to p53; one of the functions of p53 is to 

induce apoptosis. To understand whether the MDM2 status has altered the levels 

of apoptotic cells in tumours at endpoint, immunohistochemistry was performed. 

Endpoint tissue samples were sectioned and stained with cleaved caspase-3 and 

quantified using HALOTM. Representative images in the both the P1-null and P2-

mutant experimental arms show that there are cleaved caspase-3 positive cells 

found in the tumours (Figure 6-8A, B). Levels of cleaved caspase-3 were 

compared between the genotypes in the P1 experimental arm (Figure 6-8C) or P2 

experimental cohorts (Figure 6-8D). Overall, the MDM2 status does not seem to 

affect the apoptotic levels found in endpoint Eµ-MYC lymphomas.  
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Figure 6-8 No changes to the apoptotic status of Eµ-MYC lymphomas when crossed with 
MDM2-isoform specific deleted mice. FFPE endpoint tumours from Eµ-MYC, MDM2 P1-null and 
P2-mutant cohorts were sectioned (4µM) and stained for cleaved caspase-3 (Cl .C3). 
Representative stains are shown for the P1 cohort (A) and P2 cohort (C). The stain area was 
quantified using HALO

TM
 and presented as the percentage of cleaved caspase-3 stain area to 

tissue area (B, D). Data points represent individual mice, error bars represent mean + SD. The WT 
samples from both cohorts were combined. Statistical test: Kruskal-Wallis P1 WT (+/+) N=3, P1 
HET (+/-) N=6, P1 HOM (-/-) N=6; P2 WT (+/+) N=3, P2 HET (+/-) N=6, P2 HOM (-/-) N=6. Scale 
bars are denoted in the images. 
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6.2.6 Flow cytometric analysis of endpoint Eµ-MYC, MDM2 P1-null 
and P2-mutant tumours 

To further investigate the effect of the MDM2 status on disease profile, flow 

cytometry analyses was performed to determine and confirm the tumour cell 

type. As the Eµ-MYC model is known to drive the proliferation of B-cells and, 

sometimes, T-cells, the tumour bearing organs at endpoint were harvested for 

flow cytometry analysis to investigate the B-cell and T-cell populations. The 

maturity of the B-cells are of interest in this experiment to assess whether the 

genetic manipulations in the P1 or P2 MDM2 promoters have altered the disease 

origin. Tumour bearing organs were processed into a single cell suspension and 

stained for B- and T-cell markers. B-cell were determined using the B220 marker 

and the maturity was classified using the immunoglobulin M (IgM) and 

immunoglobulin G (IgG) surface markers (Figure 6-9). Cells that are negative for 

IgM and IgD are categorised as pre-B cells and B-cells with surface Ig markers are 

classified as B-cells. The tumours are classified as having either a predominantly 

pre-B, B-cell or mixed B-cell population.  

As this is an Eµ-MYC model, as shown by immunohistochemistry this was a 

predominantly a B-cell cancer. This was confirmed with this flow cytometry 

analysis as tumours were predominantly composed of B-lineage cells (T-cell data 

not shown). Additionally, if there were multiple enlarged organs, the individual 

organs were stained and analysed. Each individual mouse had a similar B-cell 

profile regardless of organ. The tumours of WT mice contained a combination of 

a pre-B and B-cell population (Figure 6-10A). The P1-HET cohorts were all pre-B 

tumours, whilst the two samples that had B-cells in the P1-HOM cohorts were 

pre-B and B-cell tumours (Figure 6-10A). Interestingly, two of the P1-HOM mice 

did not have any B-cells and low T-cell numbers as well (gating strategy shown in 

Figure 6-9C; data not shown). In the P2 experimental arm, the P2-HET and P2-

HOM cohorts were contained a mixture of pre-B and B-cell tumours. There were 

low and comparable numbers of T-cells between the genotypes as well (data not 

shown). The results obtained here infers that in the P1 HOM group, there 

potentially could be a skew towards a more immature phenotype. The P2-HET 

and P2-HOM contained a mixture of the B-cell populations. Thus, it is unlikely 

that the genetic alterations in either of the MDM2 promoters have skewed the 

disease phenotype.  
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Figure 6-9 The B-cell and T-cell gating strategy for Eµ-MYC; MDM2 P1 and P2 genotypes. A) 
B-cell gating strategy: Cells were gated based on size and granularity followed by a doublet 
exclusion and positive selection for live cells. Cells were then gated for the B220 B-cell surface 
marker. The B-cells were then gated based on IgM and IgD surface expression marker. Cells that 
are negative for surface Ig markers, IgM and IgD, are pre B-cells. Cells that are positive Ig markers 
are deemed as B-Cells. B) A schematic showing the transition of B-cell from immaturity and 
maturity depending on surface Ig staining. C) T-cell gating strategy: Cells were gated based on size 
and granularity, followed by a doublet exclusion and positive selection for live cells. Cells were then 
gated for the CD45 and CD3-cell surface markers. The T-cells were then gated based on CD4 and 
CD8α surface expression markers. 



Chapter 6  202 

 

Figure 6-10 Immunophenotyping of B cell lymphomas in the Eµ-MYC; MDM2-P1-null and Eµ-
MYC;MDM2-P2-mutant cohorts. Enlarged tumour organs were processed and stained as shown 
in Figure 6-9. If multiple organs from the same mouse were obtained, the average percentage for 
the B-cell populations were calculated. If mice had over 50% of a certain population, they were 
classed as pre-B or B-cell. If there was a mix between the populations, then it was classified as 
mixed B-cell population. The wild-type data points were combined from the P1 and P2 
experimental arms (P1/P2 +/+ N=9; P1 +/- N=4, -/- N=2; P2 +/- N=3, -/- N=5). 

6.2.7 Circulating immune cells are unchanged at clinical endpoint 
in Eµ-MYC lymphomas with the deletion of the MDM2 
promoters 

Whilst the Eµ-MYC tumours present as lymphomas, haematology analysis of the 

circulation was also carried out as dissemination of lymphoma cells in the blood 

and leukaemia can arise (Kelly et al., 2007). Results from the IDEXX haem 

analyser show that there were no overall differences in the total white blood 

cell count found between the P1-null and wild type genotypes (Figure 6-11). 

When looking at lymphocytes, the P1 HOM cohort trended towards a lower 

number of lymphocytes in comparison to both P1 WT and P1 HET cohorts. This 

trend is true for the neutrophils as well while monocytes are similar between all 

the genotypes. The P2-HET and P2-HOM mice have lower white blood cell counts 

in the circulation compared to WT mice at clinical endpoint. Consistently, the 

P2-HOM mice showed lower levels of circulating lymphocytes, monocytes and 

neutrophils compared to wild type controls.  
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Figure 6-11 Circulating immune cell profiles in lymphoma-bearing Eµ-MYC; P1-null mice. 
Circulating white blood cells, lymphocytes, monocytes and neutrophils were determined from blood 
samples from P1 WT (+/+), P1 HET (+/-) and P1 HOM (-/-) mice. Samples were run on the IDEXX 
ProCyte Dx*; Data points represent individual mice, error bars showing mean + SD. Statistical test: 
Kruskal-Wallis. (+/+ N=13; +/- N=12; -/- N=7). 
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Figure 6-12 Circulating immune cell profiles in lymphoma-bearing Eµ-MYC; P2-mutant mice. 
Circulating white blood cells, lymphocytes, monocytes and neutrophils were determined from blood 
samples from P2 WT (+/+), P2 HET (+/-) and P2 HOM (-/-) mice. Samples were run on the IDEXX 
ProCyte Dx*; Data points represent individual mice, error bars showing mean + SD. Statistical test: 
Kruskal-Wallis (+/+ N=10; +/- N=15; -/- N=14). 

6.3 Discussion 

The role of MDM2 in its ability to regulate p53 is well studied. More recently, the 

p53-independent functions of MDM2 have also been investigated (Bohlman and 

Manfredi, 2014). Although the discovery of the two MDM2 promoters was 

described over 20 years ago, the p53-responsive P2 promoter has been better 

studied than the constitutive P1 promoter (Barak et al., 1994). Furthermore, the 

role of MDM2 as an oncogene in tumourigenesis and cancer resistance has also 

been well established (Jones et al., 1998, Hou et al., 2019). However, the 

contribution of the individual promoters towards tumourigenesis has not been 

investigated. Data from the Sansom lab has shown interesting and surprising 

results particularly in regards to the P1 promoter. Mice null for the MDM2 P1 

promoter were protected against intestinal adenomas in an ApcMin/+ driven 

model. All of the P1-knockout mice in this model did however, did succumb to 

thymic lymphomas. This phenotype in the ApcMin/+ MDM2 P1-null mice was 

reversed when crossed onto a p53 knockout model. The p53 knockout mice no 
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longer had thymic lymphomas and succumbed to intestinal tumours once again. 

This suggests an involvement of p53 in delaying intestinal tumourigenesis, but 

promoting thymic lymphomas in conjunction with a loss of the P1 promoter. 

This unusual phenotype led to studying the role of the MDM2 promoters in other 

tumour types including lymphoma. Interestingly, as shown here, a heterozygous 

loss of the P1 promoter significantly delayed lymphomagenesis and early 

indications are that homozygous loss of the P1 promoter also increases mouse 

survival on the Eµ-MYC lymphoma model. In contrast to this, loss of function of 

the P2 promoter (in both heterozygous and homozygous animals) actually led to 

an accelerated tumourigenesis. This suggests that the P1 promoter is perhaps 

associated with the oncogenic effects of MDM2, whilst the P2 promoter with 

tumour suppressive effects. However, this was not the case in the intestinal 

model as mutations in the P2-promoter had no effect in the ApcMin/+ model and 

exacerbated tumourigenesis overall in the P1-null context. Perhaps the roles of 

the promoters is then context dependent. It is well known that deregulation in 

the MDM2-p53 axis can cooperate with MYC to accelerate lymphomagenesis 

(Eischen et al., 1999, Schmitt et al., 1999, Grabow et al., 2016). In Eµ-MYC 

tumours, spontaneous inactivation of p53 or p14ARF, or upregulation of MDM2 

often occur (Eischen et al., 1999). If a loss of p53 ensues, then perhaps the P2 

MDM2 promoter might be dispensable. What is unknown is in the absence of p53, 

what factors may regulate or interact with the P2 promoter.  

One hypothesis to explain why there is an extended survival in the P1-null 

cohorts could be due to the levels of p53 itself. The P1 promoter drives basal 

levels of MDM2, which can regulate p53. In the Eµ-MYC model, there is a pre-

neoplastic stage at 4-6 weeks of age where mice develop hyperplasia (Keller et 

al., 2010). Perhaps during the initial stages of tumourigenesis, tumour cells can 

accumulate p53 levels that clear out early lesions, thus delaying tumourigenesis. 

The levels of p53 in this instance may not be high enough to drive the regulation 

feedback loop via the MDM2-P2 promoter. Particularly since a p53 deficiency in 

conjunction with a deficiency of the P1 promoter on the ApcMin/+ model reversed 

the phenotype observed, it could point to a p53-related phenomenon. Thus it 

would be interesting to determine p53, MDM2, p19ARF levels at a pre-neoplastic 

stage could support or disprove this hypothesis. Conversely, in the heterozygous 

P2-mutant mouse, an acceleration in tumourigenesis may mimic what was 
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observed when p53 was spontaneously lost in th Eµ-MYC model (Eischen et al., 

1999). These two hypotheses focus on p53 largely mediating the differential 

effects of the promoters in this lymphoma model.  

At clinical endpoint, the disease distribution is generally unchanged in both the 

P1 and P2 cohorts. The CD45R (B220) stain and flow cytometry analysis showed 

that the majority of the tumours found were B-cell tumours. Interestingly, two 

P1-HOM tumours in the immunohistochemistry and flow cytometry analysis were 

not phenotyped as B-cell lymphomas. It has been shown that T-cell tumours can 

arise in some Eµ-MYC mice when accompanied by a mutation in Pim-1 (Moroy et 

al., 1991). Interestingly, in collaboration with the Sansom lab, I have 

phenotyped the thymic lymphomas observed in ApcMin/+ P1-HOM mice and shown 

them to be T-cell in origin. In addition to the lymphoma model, two liver 

carcinogenesis models on a P1-null and P2-mutant background are currently 

being investigated. A few P1-null nice in both the liver models have presented 

with thymic lymphomas. It would be interesting to see if the thymic lymphomas 

from P1-HOM mice are also T-cell tumours, by analysing for CD3/CD4/CD8 

expression using immunohistochemistry or flow cytometry. This alludes to a 

potential mechanism whereby the loss of the P1 promoter is selecting for an 

expansion of T-cells. How, or why, this is achieved is currently unknown. 

As MDM2 is tightly involved with p53, a protein central to apoptosis, the 

apoptotic milieu was also explored. Perhaps it was not surprising that were no 

differences were observed in the levels of cleaved caspase-3 positive cells in 

endpoint tumours as the apoptotic machinery is disabled in the Eµ-MYC model 

(Eischen et al., 2001a). MYC is known to have both proliferative and apoptotic 

functions. It has previously been shown that MYC induced proliferation 

contributed to lymphomagenesis rather than reduced apoptosis (Hsu et al., 

1995a). Furthermore, in double BCL-2 and MYC knockouts on an Eµ-MYC 

background, tumourigenesis was also driven by proliferation (Strasser et al., 

1990, Hsu et al., 1995b). Furthermore, a loss of function in pro-apoptotic 

mediators p53 and p14ARF are shown to cooperate with the overexpression of 

MYC, reiterating that apoptosis is likely to be defective for tumourigenesis to 

occur (Vecchio et al., 2020). The results in this chapter have shown that 

apoptosis does not seem to be affected although this was quite a superficial 

analysis and it may be interesting to see what is happening particularly at early 
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stages of disease progression where others have shown that MYC-induced 

apoptosis can be circumvented (Hsu et al., 1995b, Strasser et al., 1990). 

Assessment of early and endpoint tumours for p53 and proliferation markers such 

as Ki-67 would be important. Additional targets such of MDM2 in regards to 

proliferation could also be explored. Foxo3, a known tumour suppressor 

downstream of the Ras pathway, is ubiquitinated and subsequently degraded 

resulting in enhanced proliferation and oncogenic signalling during 

tumourigenesis (Yang et al., 2008). These experiments could elucidate and 

confirm that proliferation is vital in the context of MDM2 and lymphomagenesis.  

The P1 and P2 promoters represent two aspects of MDM2 – the constitutive 

functions and a stress response respectively. The lymphoma model represented a 

genetic induced tumourigenesis model. To further understand the role of the 

promoters in another context, two additional stress and carcinogenic-induced 

liver cancer models are currently being used (unpublished, data not shown). The 

diethynitrosamine (DEN)-ALIOS diet induced hepatocellular carcinoma (HCC) 

model and streptozotocin (STZ) – high fat diet (HFD) liver model for both the P1 

and P2 experimental arms are currently being carried out to assess whether a 

stress induced model yields different results to a genetic model. Although 

preliminary, there have been instances, a minority, where the P1 null mice have 

developed T-cell thymic lymphomas in both models, which is highly unusual 

(unpublished data). This mimics what was seen with the ApcMin/+ model, 

highlighting a predisposition to lymphomas, likely to be T-cell expansion, when 

the constitutive P1 promoter is removed.  

The analysis of the MDM2 isoforms on an Eµ-MYC model have indicated that the 

P1 and P2 MDM2 promoters may be behaving in different ways. The study so far 

has not provided any mechanistic insight into what is occurring in the lymphoma 

or intestinal models. Dissecting the mechanism is important to shed light onto 

how the isoform encoded by the basal P1 promoter is potentially oncogenic 

whilst the isoform encoded as a result of the p53-inducible (P2) promoter 

protects against tumour development, at least on an MYC-driven B-cell tumour 

model. Examining p53, MDM2 and p14ARF levels by immunohistochemistry, 

RNAscope and PCR would determine whether p53-dependent or p53-independent 

functions are responsible for the different phenotypes observed from the P1 and 

P2 promoters in the Eµ-MYC model. Additionally, to determine if p53 is 
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functional, downstream targets such as p21 and PUMA can be assessed. 

Preliminary analysis on the thymic lymphoma samples of the ApcMIin/+ P1-HOM 

mice showed variable levels of p53, however all were negative for p21 (data not 

shown). This indicates that p53 is not functional. Furthermore, utilising qPCR 

techniques can shed light on the mutational status of p53. Whether this is similar 

in the Eµ-MYC model remains to be seen.  

There are other studies that have investigated the role of the different MDM2 

promoters. Experimental studies in adult human astrocytic tumours, reveal that 

the P1 promoter was found to drive the amplification of MDM2, which is 

correlated with a subset of malignant astrocytic tumours (Dimitriadi et al., 2008, 

Louis et al., 2007). What remains to be assessed is what the expression levels of 

each of the  P1- and P2- driven MDM2 transcripts are in the models described 

herein and whether there is compensation when one or other promoter is lost. If 

P1-driven transcripts are associated with a more aggressive tumour type, this 

would provide a basis for exploring the promoters as a potential alternative 

therapeutic MDM2 targets. Work from the Lozano group have studied the P2 

isoform in more detail, predominately focusing on the stress induced pathway in 

acute radiation studies (Pant et al., 2013, Pant et al., 2019).  

These experiments demonstrate the protective effects of the mutant P2 

promoter through elevated p53 levels in the gastrointestinal system when 

exposed to radiation (Pant et al., 2019). Additionally, the elevated DNA damage 

response from irradiation in the P2-mutant mouse was also shown to sensitise 

hematopoietic stem cells to death (Pant et al., 2013). These studies allude to a 

difference in the way the P2-mutant responds in an acute external damage 

inducing setting and in a long-term genetic tumour setting. As the P1-knockout 

model is novel, no comparisons have been made in acute irradiation studies thus 

far. This is currently an ongoing project in collaboration with the Sansom and 

Boyd labs exploring the contribution of these p53-dependent and p53-

independent MDM2 isoforms in tumourigenesis.  

Thus far, there has been a lot of emphasis on the p53-related mechanisms and 

functions in regards the phenotypes observed in the MDM2 P1-null and P2-mutant 

Eµ-MYC model. The p53-independent functions of MDM2 are also important in 

tumourigenesis which could be important in the MDM2 P1-knockout and P2-
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mutant models (Ganguli and Wasylyk, 2003, Manfredi, 2010, Bohlman and 

Manfredi, 2014). For example, MDM2 is known to target E-Cadherin for 

degradation, promoting tumour cells to become more invasive and motile (Yang 

et al., 2006). MDM2 can also promote tumour growth by disrupting cell cycle 

control through retinoblastoma protein (pRB) and E2F (Xiao et al., 1995). 

Specific to the P1 MDM2 promoter, the phosphatase and tensin homolog (PTEN), 

has been shown to regulate the transcription of MDM2 via the p1 promoter 

(Chang et al., 2004). The tumour suppressor PTEN has been shown to inhibit the 

formation of T-cell lymphomas in mice (Liu et al., 2010). This study offers a 

rationale to investigate the PTEN-MDM2 axis in the P1-null and P2-mutant models 

as the emergence of T-cell lymphomas was observed.  

Additionally, given the emergence of T-cell lymphomas in the ApcMin/+ model, as 

well as in the DEN-HCC and STZ liver carcinoma models, utilising a genetic T-cell 

lymphoma mouse model, such as the cutaneous T-cell lymphoma model or 

peripheral T-cell lymphoma model, or even a xenograft model of human 

cutaneous T-cell lymphomas could be more suitable. Additional experiments that 

could take this project further include transplantation of Eµ-MYC P1-null or P2-

mutant tumour cells into syngeneic mice to assess parameters of survival and 

death. This could provide insight into the roles of the MDM2 promoters in tumour 

initiation and tumour growth. Furthermore, there have been studies that 

demonstrate an interaction between NFκB and MDM2 (Thomasova et al., 2012). 

NFκB was shown to induce MDM2 in order to stimulate T-cell activation and 

proliferation (Busuttil et al., 2010). It would be a key pathway to investigate in 

the MDM2 promoter studies. This could provide insight into the T-cell expansion 

observed in the ApcMin/+, DEN-HCC or STZ liver models then crossing these model 

systems onto NFκB knockout mice would be highly informative.  

Another aspect that would be interesting to explore is the metabolic functions of 

MDM2 and how these interact with the metabolic reprogramming abilities of MYC 

in tumourigenesis (Camarda et al., 2017, Sabnis et al., 2017). A plethora of 

studies in the past 10 years have revealed a role for MDM2 in serine metabolism, 

redox homeostasis, as well as the ability to regulate mitochondria and promote 

the invasiveness of cancer cells (Riscal et al., 2016, Arena et al., 2018). 

Metabolic reprogramming has been observed in lymphomas (Ricci and Chiche, 

2018, Eberlin et al., 2014, Dang, 1999). Thus it would be highly interesting to 
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investigate how the two promoters drive the metabolic functions of MDM2 in 

lymphoma, but also the intestinal and liver carcinogenesis models.  

6.3.1 Possible explanations for phenotypes observed in the 
different MDM2 isoform models  

In the P1-null mouse, the P2 promoter functions are intact, therefore MDM2 is 

responsive to p53 and able to downregulate p53 levels if required. In the P2-

mutant mouse, this feedback loop is abrogated and only the constitutive/basal 

P1 promoter is functional. The heterozygous and homozygous loss of the P1 

promoter delayed tumourigenesis, whilst the heterozygous loss of the P2 

promoter accelerated tumourigenesis in the Eµ-MYC model. An overexpression of 

MDM2 itself leads to accelerated tumourigenesis (Eischen et al., 1999). This 

implies that MDM2 is tumour suppressive in this context, similar to what was 

observed in the P2-mutant Eµ-MYC model. Regardless of which isoform is 

abrogated, MDM2 is still produced. This then raises the question of whether 

there are compensatory mechanisms between the two promoters. Although 

transcripts from the P1 promoter are less efficiently translated, MDM2 

transcribed from the P1 promoter would still be able to regulate p53, however, 

arguably less efficiently (Landers et al., 1997). Furthermore, when looking at 

compensatory mechanisms, the MDM4/MDMX proteins must also be considered. 

These proteins can heterodimerise with MDM2 to carry out its function but also 

regulate p53 on its own (Marine and Jochemsen, 2016). Cancer cells have also 

been shown to upregulate MDMX in order to eliminate p53 apoptotic functions 

(Riemenschneider et al., 1999).  

Similarly, the localisation of the MDM2 protein itself is important to its 

functions. There are several models regarding MDM2 localisation and function. 

For example, MDM2 is largely found in the nucleus and is thought to shuttle p53 

in and out of the nucleus for degradation (Tao and Levine, 1999), whereas 

ubiquitination of Foxo3 takes place in the cytoplasm (Fu et al., 2009). Perhaps 

the localisation of MDM2 is affected when the promoters are disrupted. 

Furthermore, there has been evidence regarding splice variants of MDM2 in 

relation to poorer patient prognosis and advance cancer including ovary and 

brain cancers (Sigalas et al., 1996, Matsumoto et al., 1998). Whilst the role of 
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MDM2 in tumourigenesis has been investigated, the potential difference seen 

here with the different isoforms requires further exploration (Figure 6-13).  

 

Figure 6-13 Schematic representation of potential mechanisms to explain the phenotypes 
observed when each of the Mdm2 promoters are silenced. The mechanism behind the 
observed phenotypes are currently unknown. Here outlines potential mechanisms that could 
explain what is occurring and could be explored in the future. 
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7 Final discussions and future work 

7.1 Apoptosis in thymic homeostasis  

Apoptotic membrane blebbing is a hallmark characteristic of an apoptotic cell 

that has been very well studied (Elmore, 2007, Zhang et al., 2018, Häcker, 

2000). During apoptosis, the cleavage of the ROCK1 protein by caspase-3 

propagates the phosphorylation of downstream targets, including actin and 

myosin, to cause apoptotic membrane blebs (Coleman et al., 2001, Sebbagh et 

al., 2001, Leverrier and Ridley, 2001a). The driver of apoptotic membrane 

blebbing is known, however, dissecting the purpose of this morphological feature 

has only recently been investigated using an in vivo model (Olson lab, 

unpublished data). Exploring the role of ROCK1-mediated apoptotic membrane 

blebbing has been achieved through utilising the non-cleavable ROCK1 

(ROCK1nc) model. In this particular mouse model, genetic modifications through 

amino substitution at the caspase-3 cleavage site of ROCK1 results in a caspase-

resistant ROCK1 and defective apoptotic membrane blebbing. The first part of 

this thesis addresses the role of apoptotic membrane blebbing in thymic 

development and apoptotic cell clearance. The role of apoptotic membrane 

blebbing studied in the thymus because of the high apoptotic activity in this 

organ due to selection processes during T-cell development. Results shown here 

were unexpected, as the ROCK1nc mutation did not alter the physical, 

architectural and cellular parameters of the thymus.  

This was particularly surprising as one would have thought that defective 

apoptotic membrane blebbing would cause disturbances in some aspects of 

thymic development or homeostatic functions. It could be that apoptotic 

membrane blebbing is redundant in the thymus as a failsafe mechanism, to 

ensure that an inflammatory response due to impaired blebbing would not occur. 

This could likely be the case as a reduction in a variety of cytokine levels from 

10 week old ROCK1nc mice was observed previously (Julian, 2015). One 

hypothesis could be that due to the disruption in apoptotic membrane blebbing, 

the ROCK1nc mice are able to tolerate low levels of inflammation from the 

constant exposure of damage associated molecular patterns. The mice might 

adjust their responses to deal with this. The lower cytokine levels observed 
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previously and responses observed in the adoptive transfer experiments in the 

ROCK1nc mice shown here support this notion. 

Although membrane blebbing is a feature of apoptotic cells, not all cells undergo 

apoptotic membrane blebbing (Atencia et al., 2000, Julian and Olson, 2014). 

Blebbing itself is not only confined to apoptotic morphology, but also seen 

during migration of both normal and tumour cells (Fackler and Grosse, 2008). 

Three parameters that are likely to dictate whether cells bleb during migration 

are a disrupted actin cortex, high levels of linker molecules and high 

intracellular pressure (Paluch and Raz, 2013). These parameters could also 

impact on apoptotic blebbing and should be studied in thymocytes and compared 

with cells known to efficiently bleb (e.g. hepatocytes and mouse embryonic 

fibroblasts) (Julian, 2015, Naylor, 2019). Other studies using scanning electron 

microscopy (SEM) have shown that thymocytes do produce membrane blebs and 

bodies in vivo; for example after irradiation in rats (Ohyama et al., 1985, Atkin-

Smith and Poon, 2017). SEM images from in vivo irradiated or dexamethasone 

treated thymi would help clarify observations made with in vitro SEM images, 

similar to what was done by Ohyama and colleagues. Furthermore, Jurkat cells, 

a human T- lymphocyte cell line, have also been shown to bleb during apoptosis 

(Tixeira et al., 2020). Thymocytes are small in size with the majority of its 

composition being the nucleus (Cano RLE, 2013). It could be that the low amount 

of cytoplasm found in these cells means that thymocytes bleb less, or more 

subtly, and capturing images at the right time is critical. Regardless, the results 

shown here argue that ROCK1-mediated apoptotic membrane blebbing is likely 

to be dispensable in the thymus. This could actually be beneficial as aberrant 

immune responses and disruption to thymic homeostasis would likely disturb T-

cell development.  

Proliferative and apoptotic signals are highly important in the thymus, governing 

the T-cell development process. What was observed here was not the first time 

where perturbations in the apoptotic cascade generally does not cause 

detriments in the thymus. The balance between the pro- and anti- apoptotic 

BCL-2 proteins are an important aspect in determining the fate of a thymocyte. 

The expression of anti- apoptotic BCL-2 in murine thymocytes confers protection 

against dexamethasone induced apoptosis, whilst the expression of the pro-

apoptotic BAX results in an acceleration of cell death post dexamethasone 
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treatment (Sentman et al., 1991, Strasser et al., 1991, Brady et al., 1996, 

Williams et al., 1998). Interestingly, although in BCL-2 knockout mice greater 

apoptosis in the thymus was observed in older mice, earlier studies utilising an 

overexpression of the Bcl-2 gene in the thymus showed an enhanced ability to 

withstand negative selection (Veis et al., 1993, Strasser et al., 1991). Higher 

levels of self-reactive T-cells were observed in the thymus with an 

overexpression of BCL-2, however, no major alterations were seen in the T-cell 

populations, thymic cellularity and involution rate (Strasser et al., 1991).  

Another study utilising a slightly different model of BCL-2 overexpression in 

cortical thymocytes, did observe a higher level of mature CD3+ T-cells in the 

thymus, as well as the lymph node and spleen (Sentman et al., 1991). Despite 

this increase, negative selection still occurred and no other phenotypes were 

observed (Sentman et al., 1991). Similar to BCL-2, p53 is a central protein to the 

apoptotic cascade. In a p53 knockout model, higher levels of memory T-cells 

were observed which aided in anti-viral responses (Grayson et al., 2001). Mice 

with p53 deficiencies exhibit normal T-cell expansion and development, 

although are more prone to developing T-cell thymic lymphomas (Donehower et 

al., 1992, Haines et al., 2006, Lozano, 2010). The general lack of autoimmunity, 

with no overt phenotype in aged mice in the BCL-2 overexpression and p53 

knockout models is consistent with what the Olson lab has previously observed in 

the ROCK1nc model (Julian, 2015). These previous studies in conjunction with 

what was shown here could highlight the potential of the thymus to tolerate 

deviations in the apoptotic cascade itself, as well as any changes in apoptotic 

morphology.  

7.2 Apoptosis and tumourigenesis  

The role of ROCK1-mediated apoptotic membrane blebbing was also interrogated 

in a variety of tumour models. The ROCK1nc mutation presented with 

contrasting effects in different tumour models. Previous results in the Olson lab 

showed a trend for an extension in survival for the mice in the Eµ-MYC model of 

B-cell lymphoma, which was accompanied by an inflammatory population of 

macrophages (Julian, 2015, Naylor, 2019). In addition to the Eµ-MYC model, the 

ROCK1nc mutation also reduced tumour burden as a result of defective 

apoptotic membrane blebbing in the DEN-induced HCC model, a phenotype that 
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was further recapitulated with the use of Fasudil, a ROCK inhibitor (Julian, 2015, 

Naylor, 2019). This was in contrast to what was initially hypothesised, as 

disruptions in apoptotic morphology were thought to promote tumourigenesis. 

Instead this supported the premise that defective apoptotic blebbing would 

cause an immune response. To the contrary, accelerated tumourigenesis was 

seen here in lung adenocarcinoma models with ROCK1nc mutant mice which was 

not due to an altered immune response. It is interesting that the ROCK1nc 

mutation had opposite effects in the HCC model and the KMA lung model. It 

could be due to the nature of the models, where the HCC model is induced by 

carcinogens and the lung adenocarcinoma driven by conditional oncogenic 

expression. Investigating the differences between the models as well as what 

pathways and oncogenic parameters are involved would be highly informative. 

This would provide useful evidence to inform the potential use of ROCK 

inhibitors appropriately. 

The role of apoptosis itself in tumourigenesis is multifaceted. One of the 

features of cancer is the ability to resist cell death (Fernald and Kurokawa, 

2013). Conventional wisdom is that deactivating pro-apoptotic proteins or 

upregulation of anti-apoptotic proteins would facilitate tumourigenesis. 

However, in reality it is not so straightforward. Interestingly, mice without the 

pro-apoptotic proteins BAX and BAK do not develop any more spontaneous 

tumours than wild-type mice (Lindsten and Thompson, 2006). Another apoptotic 

ligand, CD95, was shown to be important in facilitating tumourigenesis in vivo, 

which is in contrast to what is observed in patients with an autoimmune disease 

where a loss in CD95 leads to the development of lymphomas (Chen et al., 2010, 

Ramenghi et al., 2000). Furthermore, a loss of CD95 function on a CD2-Myc T-

cell lymphoma model did not show any differences lymphomagenesis (Cameron 

et al., 2000). This shows that context is highly important when considering the 

relationship between apoptosis and tumourigenesis.  

7.2.1 Final conclusions 

The results and observations discussed here suggests that the apoptotic 

morphology affects tumourigenesis to a greater extent than homeostasis itself. 

Possibly, the ability of the thymus to tolerate any deviations in the apoptotic 

cascade and apoptotic morphology is beneficial to maintain efficient T-cell 
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development and maintain a low immunogenic milieu. Compensatory 

mechanisms could be relied upon to maintain tissue homeostasis. During 

tumourigenesis however, the impact of genetic mutations or environmental 

stresses are enough to uncover a role for apoptotic membrane blebbing. The 

context of the tumour setting is important as certain cancers could benefit from 

a ROCK inhibitor treatment, such as HCC and B-cell lymphomas. This may not be 

the case for lung adenocarcinomas based on the data from the ROCK1nc model 

alone. However, as the ROCK inhibitor affects all functions of ROCK, this needs 

to be investigated further. Additional investigations into ROCK1-mediated 

apoptotic membrane blebbing during tumourigenesis will provide further insights 

into the role of apoptotic morphology in cancer, and aid in governing whether 

ROCK inhibitors are suitable for the treatment of cancer.  

7.3 The different MDM2 P1 and P2 promoters in 
lymphomagenesis  

The MDM2-p53 axis has been well studied and deemed important in 

lymphomagenesis. The protein MYC can interact with the p14ARF-MDM2-p53 axis 

when MYC is exerting its pro-apoptotic functions (Zindy et al., 1998). There is a 

selective pressure for loss of p53 or p14ARF function by deletion or mutations 

when MYC is overexpressed (Eischen et al., 2001b). The loss of either of these 

two tumour suppressor proteins significantly accelerates tumourigenesis in the 

Eµ-MYC model (Eischen et al., 1999, Schmitt et al., 1999, Hsu et al., 1995a, 

Jacobs et al., 1999). MDM2 itself has been shown to be overexpressed in both 

human and in models of lymphoma (Wang et al., 2008). Interestingly, 

heterozygous loss of Mdm2 leads to reduced lymphoma development through 

enhanced tumour cell apoptosis driven by p53 in the Eµ-MYC model (Alt et al., 

2003, Eischen et al., 2004). Surprisingly, despite the loss of an allele, there was 

still an overexpression of MDM2 proteins observed in the lymphomas, regardless 

of whether p53 or p14ARF was expressed (Alt et al., 2003, Eischen et al., 2004). 

Although the role of MDM2 in lymphoma has been explored, it is less known what 

the role of the two MDM2 promoters are in tumourigenesis itself, particularly in 

in vivo settings. 

The results shown here with the heterozygous loss of the P1 promoter seems to 

have a similar phenotype to the heterozygous loss of Mdm2 observed in earlier 
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studies by Alt et.al and Eischen et.al. Therefore, it would be interesting to 

interrogate both p14ARF and p53 levels and functionality, as no differences were 

observed in apoptotic levels in endpoint tumours. In the P1-knockout model, the 

functional P2 promoter is still capable of being responsive to p53. It is very likely 

that what is observed in the P1 knockout model recapitulates the earlier studies 

by Alt et.al and Eischen et.al. In contrast, the P2-mutant model is not able to 

respond to p53. The accelerated lymphomagenesis observed in the P2-mutant 

model, could allude to the oncogenic potential of the protein driven by the P1 

promoter or perhaps the selective pressure of tumour cells to lose p53 due to a 

disruption in the feedback loop. Conversely, studies in the Sansom lab found 

that in ApcMin/+ mice mutant for the P2 promoter did not alter tumour related 

survival. Interestingly however, ApcMin/+ mice null for the P1 promoter saw a 

delay in intestinal tumourigenesis, but an emergence of thymic lymphomas 

(unpublished data). These observations from the intestinal model would suggest 

the opposite, that MDM2 driven under the control of the P2 promoter may be 

more oncogenic.  

The unusual emergence of thymic lymphomas was observed in 3 different cancer 

models in which the P1-null isoform was studied. However, this phenomenon is 

not observed when P1-null mice are aged in the absence of a confounding event. 

Evidence suggests that deletion of the P1 promoter somehow signals the 

expansion of lymphocytes only when accompanied by oncogenic or carcinogenic 

events. In the intestinal model, thymic lymphomas from P1-null mice were 

shown to be T-cell lymphomas (unpublished data). It is highly probable that the 

thymic lymphomas from the two mice in the P1-null Eµ-MYC cohort and P1-null 

HCC mice would be T-cells. Perhaps there is a P2-driven MDM2 involvement the 

expansion of T-cells. An interesting protein that could be involved is MYC. The 

MYC protein has been shown to interact with p53, as well as mediate 

downstream effects in the ApcMin/+ model (Liu et al., 2017, Sansom et al., 2007). 

One hypothesis is that there could be an involvement of MYC in the expansion of 

T-cells, when the P1 promoter is removed. These speculations would need to be 

investigated further by exploring the cell types in the thymic lymphomas and the 

level of MYC expression in the various P1-null and P2-mutant models. These 

results show that the MDM2 promoters likely contribute to tumourigenesis in 

different ways. How this is achieved, is yet to be explored.  
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7.3.1 Final conclusions 

The use of in vivo models to dissect the roles of both the P1 and P2 promoters of 

MDM2 is novel. Given that the promoters are regulated by different factors, it is 

important to understand how each promoter contributes to tumourigenesis. The 

results shown here and additional ongoing experimental studies suggest that the 

P1 and P2 promoters do not contribute to tumourigenesis in the same manner. 

These studies will allow for a better understanding of MDM2 functions, but also 

perhaps provide an alternative therapeutic strategy for cancers with aberrations 

in the p53-MDM2 signalling axis. 
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