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Abstract 
Cellular processes important for haematopoiesis are frequently perturbed in malignant 

cells. Accordingly, healthy immature progenitor cells and malignant cancer cells often 

share certain properties, e.g. rapid proliferation and self-renewal. Deciphering these 

developmental pathways can provide information about the critical drivers involved in 

neoplastic transformation and sustained cancer cell growth. Results in this thesis 

addresses the role of two proteins, HECTD1 and MCL-1, in haematopoiesis and 

haematological malignancies. 

HECTD1 is an E3 ubiquitin ligase required for mouse embryonic development, as 

homozygous loss of Hectd1 leads to embryonic lethality. HECTD1 is widely expressed 

in diverse tissues, including haematopoietic cells. However, its role in adult tissues in vivo 

has not been described. Therefore, we generated mice in which HECTD1 deletion was 

restricted to the haematopoietic system of adult mice. Analysis of these mice at steady 

state revealed small perturbations in certain T cell subsets. However, competitive 

reconstitution experiments revealed that HECTD1 deletion affects the haematopoietic 

stem and progenitor cell (HSPC) populations. Serial transplantation assays showed that 

loss of HECTD1 results in a defect in the self-renewal properties of mouse HSPCs. 

Interestingly, RNA sequencing of Hectd1-/- HSPCs revealed that HECTD1-deficiency 

led to increased expression of interferon regulated genes, suggesting that HECTD1 

plays a critical role in the maintenance of HSPC populations by negatively regulating 

the interferon signalling pathway. Additionally, I employed the MLL-AF9 mouse model 

of acute myeloid leukaemia and showed that HECTD1-deficiency significantly delayed 

the latency of tumour development in vivo compared to control mice.  

MCL-1 is a pro-survival regulator of the intrinsic apoptosis pathway.  MCL-1 

expression is integral to the survival of many different blood cell types, and to the 

development and sustained growth of many haematological malignancies. Recently a 

highly specific MCL-1 inhibitor, S63845, showing 6-fold higher affinity to human 

MCL-1 compared to mouse MCL-1 was described. To accurately test the efficacy and 
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tolerability of S63845 in preclinical models of disease, we developed a humanised Mcl-1 

(huMcl-1) mouse strain in which the genomic region of the murine Mcl-1 locus was 

replaced with the coding regions for human MCL-1. These mice are phenotypically 

indistinguishable from wild-type mice, and the intrinsic apoptotic pathway remains 

intact in their cells. However, as anticipated, huMcl-1 mice were more sensitive to 

S63845 than wild-type mice. To test whether malignant cells from the humanised 

MCL-1 mice also show higher sensitivity to S63845, we generated Eμ-Myc lymphomas 

on a huMcl-1 background. Lymphoma cell lines derived from huMcl-1;Eμ-Myc mice 

were ~6 times more sensitive to S63845 in vitro compared to Eμ-Myc lymphoma cells 

expressing mouse MCL-1. Transplantation of huMcl-1;Eμ-Myc lymphoma cells into 

huMcl-1 mice and treatment with S63845 resulted in tumour-free survival in >60% of 

mice. Furthermore, combining low doses of S63845 with sub-optimal doses of 

cyclophosphamide led to almost complete tumour regression. These results show that 

our huMcl-1 mouse model represents a valuable preclinical tool to test MCL-1 

inhibitors, either alone or in combination with other anti-cancer agents, for a broad 

range of cancers, allowing accurate prediction of efficacy against tumour cells and 

on-target toxicity to normal tissues. 
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Chapter 1 Introduction 
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1.1 The field of haematology 

The vertebrate blood system is a complex tissue with a rich history of discovery in 

medical research. In 1628 William Harvey showed experimentally that more blood 

passed through the heart in 30 minutes than was present in the entire body of a man1. 

He then reasoned that blood was pumped through the body within a closed circulatory 

system, whereas beforehand it was believed that blood was continually replenished in 

the gut and consumed in the periphery. These seminal experiments credit Harvey with 

discovering the pulmonary circulatory system, however, sometime later it was 

discovered that Ibn al-Nafis, an Arabian physician, had described pulmonary 

circulation already almost 400 years earlier (Figure 1.1A). However, it is not entirely 

clear how he came to these conclusions especially considering performing human 

dissection was against his beliefs2. Over the next 150 years after Harvey’s work, aided 

by the technological advancement of microscopy, medical researchers began to learn of 

the cellular composition of blood with “red corpuscles” described by Jan Swammerdam 

and Antoni van Leeuwenhoek in 1695 (Figure 1.1B), and cells in lymph or 

“lymphocytes” by William Hewson, the “father of haematology”, in 17713,4. In the 19th 

century we saw an explosion of landmark blood-related discoveries, notably the first 

successful human blood transfusion by James Blundell in 18185, the description of 

Hodgkin’s disease6 as well as the realisation that the foetal liver7 and bone marrow8,9 

are the sites of haematopoiesis. Today the discipline of haematology is still growing, 

overarching many fields of research, including immunology, the biology of stem cells 

and their niche, clinical pathology and oncology. 

Haematology remains a heavily researched field with many outstanding questions. The 

complexity of the different cell types that make up the blood is still being unraveled, as 

are the proteins and pathways that regulate them. In my research, I am interested in 

understanding the regulation of the function and maintenance of haematopoietic stem 

cells (HSCs) - a rare population of cells that have the remarkable capability to give rise 

to every cell type of the blood. Of note, the processes that tightly regulate the 

development of HSCs into the different mature cell types of the blood are often 

deregulated in haematological malignancies. Therefore, understanding normal blood 

development will reveal critical drivers of haematological malignancies, with the aim to 
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target these drivers for cancer therapy. In this thesis I will detail my contributions to the 

field of haematology. Firstly, I will describe the role of the E3 ubiquitin-ligase, 

HECTD1, in haematopoiesis, and present work describing the effects of HECTD1 loss 

on murine HSC maintenance and function, and leukaemia development. Secondly, as 

a separate project, I will describe my work on targeting MCL-1, a pro-survival member 

of the B cell lymphoma-2 (BCL-2) protein family that is essential for the sustained 

growth of diverse haematological and solid cancers. 

 

 

 
Figure 1.1 Early studies on the haematopoietic system 
(A) Illustration by Ibn al-Nafis describing pulmonary circulation. This 
made up part of his works published in 1242 (Commentary on Anatomy 
in the Canon of Avicenna). (B) A van Leeuwenhoek’s sketches of “red 
corpuscles” published in 1695 (Letter 42 of Arcana Natura). 
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1.2 Haematopoietic stem and progenitor cells and the 
processes of haematopoiesis 

All mature cells in the blood arise from HSCs. The term haematopoiesis describes the 

process of differentiation and commitment from haematopoietic stem and progenitor 

cells (HSPCs) to other more differentiated types of blood cells. Most mature blood cell 

types have a relatively short lifespan, such that they are continually replenished 

throughout an animal’s lifetime by the production and differentiation of HSPCs. 

Collectively, an adult human generates around 2.5 million blood cells every second, 

making haematopoiesis a very active process, that consequently must be tightly 

regulated. It is remarkable that the entire process of haematopoiesis starts with, and is 

reliant on, this rare cell type, highlighting self-renewal and multipotency as the 

hallmarks of HSC function. Haematopoiesis has been an area of ardent research for 

many years; as such the literature is vast and at times controversial. In the opening 

section of my introduction I have aimed to provide an overview of haematopoiesis and 

regulation of self-renewal, differentiation, stem cell niche and survival of HSPCs. This 

overview is by no means exhaustive, however, I have provided a comprehensive 

summary of the key concepts and notable pathways required for HSPC maintenance. 

1.2.1 Defining haematopoietic stem and progenitor cells 

Early studies in the 1950s showed that mice could be rescued from lethal irradiation by 

lead shielding of the spleen (or spleen transplant)10, as well as by intravenous (i.v.) 

injections of non-irradiated bone marrow11,12. What followed was a flurry of landmark 

papers throughout the 1960s where HSCs were first defined and described to be 

sensitive to irradiation, have self-renewing properties and contribute to many different 

mature cell types of the haematopoietic system13-15. It was noted in these works that the 

“HSCs” (as they were defined at the time) had varying capacity for self-renewal and 

were likely a heterogeneous population, leading to much of the subsequent work in the 

field focusing on identifying and purifying HSCs and their progeny. Decades later, HSC 

enriched populations were prospectively isolated using antibody staining of cell surface 

markers and flow cytometry16. This was the foundation for continuing efforts on further 

purifying HSCs and progenitor cell types using the same techniques17,18. HSCs are 

distinguished into short-term HSCs (ST-HSC) and the more dormant long-term HSCs 
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(LT-HSC)19. In addition to HSCs, multipotent progenitors (MPPs) and haematopoietic 

progenitor cells (HPCs) have been described as populations that also do not express 

lineage specific markers, are limited in their self-renewal capacity but can still contribute 

to all the different lineages20. Together HSCs, MPPs and HPCs are known as ‘LSK’ 

cells (Lineage marker-SCA-1+cKIT+), a common definition of an HSC enriched 

population before more definitive markers were known. There has also been the 

identification of many other progenitor cells. These cells cannot self-renew, but do 

maintain some multipotency yet are committed to certain lineages such as common 

lymphoid progenitors (CLP) that only commit to mature lymphoid cells and natural 

killer (NK) cells21,22, and common myeloid progenitors (CMP) that contribute to the 

myeloid lineage23. All of these works have contributed to the hierarchical model of 

haematopoiesis (Figure 1.2). This model depicts each cell type as distinct groups with 

distinct properties and is essential for discerning different cell types particularly to 

compare results from different studies in the literature. However, these definitions are 

still being refined today24. Of note, with the advent of single cell technologies, it is 

becoming more evident that HSPCs are likely to exist in a continuum, as opposed to 

discrete sub-groups25-27.  

1.2.2 Self-renewal capacity and differentiation 

At the top of the hierarchical model is the LT-HSC, and key to its function is its ability 

to self-renew, as well as give rise to more differentiated progenitor cells. Self-renewal is 

defined as the ability of the cell to divide with at least one daughter cell remaining 

undifferentiated, i.e. identical to the parental cell. This is particularly important to 

ensure that the production of all blood cells persists throughout the lifetime of an animal. 

Self-renewal is closely linked to differentiation, as commitment to a certain lineage is 

associated with a loss of self-renewal capacity21,23. Much of what we know about self-

renewal of HSCs has been determined by repopulating assays which remain the gold 

standard assays for demonstrating self-renewal capacity. Functionally, the field seems 

to agree that the defining property of LT-HSCs is the capacity to repopulate the entire 

blood cell system for a minimum of 16 weeks in primary and subsequent secondary (at 

minimum) transplants into mice that have their haematopoietic system ablated by 

irradiation (lethal irradiation)18,20,28. Cells that can contribute to all lineages but can do 
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Figure 1.2 The hierarchical model of normal haematopoiesis 

The process of haematopoiesis is often represented as a cell-fate tree. At 
the top of the tree is the LT-HSC which gives rise to all the mature cell 
type of the haematopoietic system. Direction of the arrows depicts the 
multiple different pathways from LT-HSCs to terminal differentiation. 
For definitions of each cell type by cell surface markers, refer to 
Appendix I. 
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so only for a transient period are considered to have intermediate or low self-renewal 

capacity, depending on the duration of repopulation (e.g. ST-HSCs and MPPs)20,29. 

Having said that, these definitions are still unduly rigid, as within the HSC population 

some cells have a lineage bias. These cells are able to repopulate all lineages, but with 

skewed ratios of myeloid versus lymphoid cells30-33. Interestingly, these studies showed 

that these clones maintain their skewed ratios, as they were heritable in serial 

repopulation assays. This implies that these properties were cell intrinsic and 

predetermined in some way. The molecular mechanisms that determine a skewed 

lineage differentiation remain unclear, and this raises the interesting question of when 

exactly during haematopoietic development cell fate is determined. 

These observations raise another relevant question in the field, namely, what 

mechanisms are required for HSPCs to ‘decide’ to differentiate? The prominent theory 

is that HSPCs are kept transcriptionally primed in a poised state. It has been shown that 

HSPCs express low levels of multiple transcription factors that are responsible for 

different identities34,35. It is thought that extrinsic factors can then tip the balance of 

these poised cells into the desired direction by upregulation of some, and repression of 

other transcriptional regulators36. For example, it has been shown that C/EBP-α and 

PU.1 are co-expressed in progenitor cells that have the potential to differentiate into 

neutrophils (C/EBP-α dependent) or macrophages (PU.1 dependent), and tipping the 

balance of these proteins can push these cells into either of these terminal differentiation 

states37,38. Transcriptional priming as a mechanism for differentiation is well accepted, 

however most of the work on this topic had been based on RNA expression at the 

population level. Recently more sophisticated model systems have challenged this 

notion. Focusing again on myeloid differentiation, Hoppe and colleagues generated 

mice expressing fluorescently tagged PU.1 and GATA1, another pair of proteins 

thought to regulate differentiation by stoichiometric competition. Analysis of HSCs 

from these mice on a single cell level revealed no reliable detection of cells co-expressing 

PU.1 and GATA1. Rather, PU.1 and GATA1 are expressed in a mutually exclusive 

manner, in the differentiation pathway to the granulocyte-macrophage (GM) or 

megakaryocyte-eyrythrocyte (MegE) lineages, respectively39. Further work using 

computational biology postulates that the ‘decision’ to differentiate happens long before 

the regulation of PU.1 or GATA140. The authors noted that these experiments highlight 
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that RNA expression does not always represent protein expression, but also admitted 

that perhaps protein co-expression may exist at levels below the detection limit. 

Nevertheless, these papers provide compelling data to challenge the transcriptional 

priming hypothesis of differentiation. Thus, there is still much work to be done to 

understand the molecular mechanisms of HSPC differentiation choices. 

As mentioned earlier, much of the work studying hematopoiesis is done in mice using 

transplantation assays as a gold standard to analyse the self-renewal capacity of HSPCs. 

The question remains, what happens in steady-state/unperturbed haematopoiesis? It 

may be that HSCs and HSPCs behave a certain way in transplantation assays that is 

different when left undisturbed in native haematopoiesis. For example, if one HSC 

shows a lineage bias in a transplantation assay, would it have had the same properties 

if left unperturbed in the mouse it was originally isolated from? Some groups have begun 

to address this using innovative genetic model systems. For example, Sun and colleagues 

were able to achieve in situ labelling of HSCs in mice by temporal expression of the 

hyperactive Sleeping Beauty transposase, resulting in the mobilization of a cognate 

DNA transposon element to a random insertion site in the genome41. Once this site is 

determined this allows the identification of daughter cells and thus clonal tracking of 

haematopoietic cells. In contrast to transplant studies, these experiments suggest that 

for the duration of up to one year, LT-HSCs do not play a significant role in steady 

state haematopoiesis and that it is the MPPs that are driving the production of mature 

haematopoietic cells in normal physiology (i.e. in the absence of stress), particularly for 

the myeloid lineage. Work from the Rodewald group looked at this more closely using 

a mouse model in which tamoxifen-inducible YFP labelling of HSCs driven by 

Tie2-Cre was used to assess the rate at which HSCs contribute to the pool of mature 

cells during native haematopoiesis in vivo42. Using limiting dilution analysis and 

mathematical modeling, they showed that during haematopoiesis in normal physiology 

about 30% of HSCs were labelled after induction with tamoxifen. However, the rate at 

which these cells contributed to the mature progeny was extremely slow, such that it 

would take far beyond the mouse’s lifetime to reach equilibrium. Contribution to the 

mature cell populations were in fact sustained by ST-HSCs that still for the most part 

maintain their ability to self-renew. This was in contrast to foetal and emergency 

haematopoiesis where the contribution of HSCs to mature progeny was substantially 
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increased42. In another study, using transposon tagging and comprehensive analysis at 

earlier time points (1-8 weeks), it was shown that during steady-state haematopoiesis, 

the megakaryocyte lineage arises independently of other lineages43. This contradicts the 

current understanding from transplant experiments that megakaryocyte-erythrocyte 

bipotential exists from a common progenitor cell23,44. Together these data highlight that 

the HSPC behaviour observed after transplantation differs from native haematopoiesis. 

In summary, there is still much to learn about self-renewal and differentiation of 

haematopoietic cells. Most of what we know is through transplantation assays which 

remain the gold standard to assess the self-renewing capacity of HSCs today. 

Transplantation assays have been crucial in contributing to our understanding of the 

journey from HSC to the many mature cell types. However, more recently we are 

beginning to understand some fundamental differences between haematopoiesis in the 

steady state compared to re-establishment of the hematopoietic system after 

transplantation. Moving forward, these new techniques and genetic models will be able 

to inform us on the regulation and maintenance of haematopoiesis, not only in the 

steady state, but also in the disease context. 

1.2.3 Haematopoietic stem cell niche 

Another important factor for maintaining HSPC function is the stem cell niche in the 

bone marrow - the physical microenvironment in which stem cells reside. The HSC 

niche was first proposed in the late 70’s by Raymond Schofield45. Given that HSC 

transplants of irradiated mice were much more successful with cells from the bone 

marrow, as opposed to multipotent colony forming units in the spleen, he suggested that 

the function of HSC self-renewal was linked to its anatomical location. In other words, 

the niche in the bone marrow was needed so that HSCs could receive the required 

signals to limit entry into the cell cycle and maintain self-renewal properties, thereby 

limiting the possibility of DNA replication errors and replicative exhaustion in order to 

maintain the integrity of the stem cell pool. This would allow HSCs to successfully 

replenish mature blood cells throughout an animal’s lifetime and it postulates that HSCs 

differentiate when removed from the niche when increased production of differentiated 

blood cells is required.  
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Visualising the HSC niche has been a challenge. Advancement has been hindered by a 

lack of discrete, clearly organized structures as seen in stem cell niches in other tissues, 

and a lack of markers to identify HSCs in bone marrow sections. Only recently with the 

identification of the SLAM markers18 has it become possible to identify HSCs in bone 

marrow sections using a simple two-colour stain (CD150 and CD48/CD41/Lineage). 

Initial work showed that HSCs are located close to the endosteum (bone/bone marrow 

interface), and are much more likely to be found next to sinusoid vessels18. This has 

been extended by other groups, who showed that most HSCs are located close to 

sinusoidal blood vessels with some being adjacent to arterioles and very few residing at 

the endosteum46-49. These data strongly suggest that HSCs reside within a perivascular 

niche. It has also been proposed that there may be subsets within the perivascular niche, 

pointing towards many different niches and perhaps this matches the heterogeneity 

observed in the HSPC population50,51. 

Of interest has been the identification of cellular contributors within the HSC niche. 

Therefore, most research focuses on identifying cells that produce the growth factors 

known to be required for the maintenance of HSCs. Many years ago, it was shown that 

co-culturing HSCs with bone marrow stromal cells could induce HSC proliferation and 

differentiation in vitro52. Many growth factors have since been identified53, with two of 

the best-studied examples being stem cell factor (SCF) and CXC-motif chemokine 

ligand 12 (CXCL12). Research into these two growth factors has made a significant 

contribution to what is known about the HSC niche today. The cytokine SCF (also 

known as KIT-Ligand and steel factor) is the ligand for KIT, a receptor tyrosine-kinase 

that is expressed on HSCs and HSPCs54. This receptor-ligand pair has been shown to 

be crucial for HSC maintenance. Treatment of mice with an inhibitory antibody against 

KIT results in the transient removal of HSCs from the bone marrow, however the 

mechanism by which it does this remains unclear55. HSCs were not found in the 

lymphoid organs after antibody treatment, suggesting they did not mobilise to other 

sites, yet treated animals fully recovered with HSC numbers back to normal a few weeks 

after treatment.  SCF exists as a soluble or membrane bound protein56,57. In particular 

the membrane bound SCF seems to be important for HSC maintenance as mutant 

mice that only express the soluble form (Sl/Sld) exhibit an abnormal reduction in HSC 

numbers58. Interestingly, mice whose spleens were transplanted with a combination of 
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wild-type (wt) and Sl/Sld stromal cells only displayed normal haematopoiesis around the 

wt stromal cells59. This suggests that membrane bound SCF is required for normal 

haematopoiesis and acts directly on HSCs, thus SCF expressing stromal cells contribute 

to the niche microenvironment.  

Similarly, CXCL12 (also known as stromal cell derived factor-1) is involved in HSC 

maintenance by signalling through its receptor CXCR4, which is expressed broadly on 

haematopoietic cells, including HSCs60. Conditional deletion of CXCL12 in adult mice 

results in a reduction of LT-HSCs due to the loss of quiescence in these cells and a 

subsequent expansion of the progenitor populations61. This was true for CXCL12 

deficient mice that were reconstituted with wt bone marrow, suggesting that expression 

of CXCL12 by stromal/mesynchymal cells is responsible for the regulation of HSCs61. 

Similarly, conditional loss of CXCR4 in the haematopoietic system (MxCre) of adult 

mice reduces the HSC pool dramatically62. In addition to maintaining HSCs in the 

bone marrow, CXCL12/CXCR4 signalling regulates engraftment after bone marrow 

transplantation63.  

Using a CXCL12-GFP knock-in mouse, a perivascular stromal cell population that 

expressed high levels of CXCL12 (CXCL12-abundant reticular (CAR) cells) was 

identified, and using microscopy techniques it was shown that these cells were in contact 

with HSCs62. Interestingly these so-called CAR cells that produce high amounts of 

CXCL12 in the bone marrow also produce SCF. Furthermore, conditional loss of 

CXCL12 in endothelial and perivascular stromal cells resulted in a loss of HSCs50, 

further identifying the perivascular stromal cells as an essential component of the HSC 

niche.  

Understanding the role of CXCL12/CXCR4 in the maintenance of the HSC niche 

has been exploited for therapeutic purposes in autologous stem cell transplant patients. 

Patients are routinely treated with G-CSF to mobilise their HSCs into the blood so that 

they can be collected for future transplant after cancer treatment that ablates the 

patient’s malignant as well as normal haematopoietic cells. It has been shown that 

patients who receive a higher number of HSCs after cancer treatment are more likely 

to survive the transplant and more likely to benefit from a faster recovery64. Excitingly, 
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a small molecule inhibitor of CXCR4 (AMD3100) has been shown to increase the 

mobilisation of HSCs when used in combination with G-CSF compared to treatment 

with G-CSF alone65. This G-CSF plus AMD3100 combination treatment was recently 

approved by the US Food and Drug Administration (FDA) for use in the mobilisation 

of HSCs into the blood for collection for autologous transplantation. 

The niche hypothesis implies that there is no requirement of cell intrinsic factors to 

maintain the self-renewal capacity of stem cells, as it is the extrinsic factors that govern 

the fates of these cells. This is accepted for other stem cell populations and their niches66, 

however, whether extrinsic factors do indeed govern HSC self-renewal remains 

debatable. As discussed in the previous section, HSC populations are heterogeneous, 

and serial transplantation experiments of clonal cells have shown that the fate of HSCs 

is predetermined, as the lineage biases seen in one clone is reliably replicated with each 

transplant30-33. One could argue that these experiments were done in lethally irradiated 

mice such that the niche could have been destroyed. More recently, this issue has been 

addressed by using fluorescent tagging of HSCs in vivo67. In these experiments, HSC 

clones were identified (by colour) and behavior (e.g. self-renewal, differentiation 

capacity) characterised under steady state conditions. They were then re-transplanted 

into irradiated recipients to see if the behavior was conserved, or was influenced by 

signals from the niche of recipient animals. Transplanting cells into many new hosts 

revealed that each clone consistently behaved exactly as before. It therefore appears 

that while a pool of HSCs may have a range of biases for differentiation, each clone has 

a pre-determined cell fate that is preprogrammed cell intrinsically, with little plasticity 

afforded by external cues. Interestingly, the authors went on to show that the epigenome 

(and not the transcriptome) was predictive of each clone’s fate67. While it is undisputed 

that the HSC niche is an important regulator of HSCs, its role in cell fate and lineage 

determination remains controversial. 

In summary, the current data strongly suggests a perivascular niche for HSCs, and a 

critical role for bone marrow stromal cells that express CXCL12 and SCF to maintain 

HSC numbers.  These signals are important for maintaining quiescence and localisation 

of HSCs in the bone marrow. It has been suggested that the niche plays a role in 

providing differentiation cues, however, lineage bias of single clones over multiple 
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transplants suggests otherwise. While CXCL12 and SCF are the best studied cytokines 

important for HSC maintenance, there is emerging evidence that more factors, possibly 

produced by other cell types in the niche, are involved in regulation of the HSCs 

(reviewed in53). Understanding the HSC niche has the potential to provide therapeutic 

benefits to improve the outcomes for patients undergoing stem cell transplants. 

1.2.4 Signalling pathways involved in HSC maintenance 

Surprisingly, the molecular regulation of HSC maintenance remains relatively elusive. 

Understanding the molecular regulation of HSCs is of great value due to the significant 

therapeutic benefits it could provide. For example, there is a huge interest in optimising 

proliferation of HSCs in vitro in order to generate a source of a patient’s own cells for 

gene therapy and curative stem cell transplants. Furthermore, we know that pathways 

that are integral to developmental processes are often exploited by malignant cells. 

Therefore, understanding developmental pathways of HSCs into more mature 

haematopoietic lineages can inform us about neoplastic transformation and thereby 

reveal new therapeutic targets for haematological malignancies. Two pathways that are 

well studied in this context are the NOTCH and WNT signalling pathways. 

Additionally, these two pathways have been associated with HECTD1 in previously 

published works which is discussed later in this chapter (Sections 1.3.2 and 1.3.4). 

The NOTCH signalling pathway 

The NOTCH signalling pathway is highly conserved between species and is 

indispensable in the development of many tissues68. NOTCH receptors (NOTCH1-4 

in humans) are transmembrane proteins whose ligands are also transmembrane 

proteins (Delta-like 1, 3 and 4 and Jagged1 and 2). Therefore, it requires the expression 

of the ligand on neighboring cells to elicit activation of the NOTCH pathway in the 

target cells. Once ligand binding occurs, the intracellular domain of NOTCH (IC-

NOTCH) is cleaved and translocates into the nucleus to form a complex with RBP-J 

(recombinant binding protein suppressor of hairless) and other co-factors, such as 

Mastermind, to activate transcription of target genes. The most well studied example of 

such target genes is the Hes family of genes, which are the effectors of NOTCH 

signalling during embryonic development69.  
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Early studies showed that NOTCH signalling is important for the development of HSCs 

during embryogenesis70 and NOTCH was found to be expressed by HSCs themselves71. 

However, the involvement of NOTCH signalling in the maintenance of self-renewal 

and inhibition of differentiation in adult HSCs under steady state conditions remains a 

matter of debate. Initial in vitro experiments implicated NOTCH signalling in the 

maintenance of the self-renewing capacity of HSCs. These experiments involved either 

constitutive expression of IC-NOTCH or exposure to recombinant NOTCH ligands 

in culture to show that activation of NOTCH signalling on HSPCs resulted in an 

increase in self-renewal capacity as well as an inhibition of differentiation72-75. Similar 

results were obtained in studies of myeloid precursors76,77. One caveat of this work is 

that these experiments were based on non-physiological expression levels of IC-

NOTCH or its ligands, and are therefore perhaps not relevant for steady-state 

maintenance of HSCs in vivo. Accordingly, conditional deletion of NOTCH1 and 2 in 

the haematopoietic system using MxCre showed no perturbations to the HSPC 

populations in vivo78. Furthermore, ectopic expression of a gain-of-function mutant of 

Mastermind (a robust inhibitor of NOTCH signalling) in HSPC in vivo, led to no change 

in the numbers of HSPCs in these animals79.  

NOTCH signalling has also been reported to be important for the maintenance of 

HSCs because osteoblasts in the stem cell niche express Jagged1, a NOTCH receptor 

ligand74. Hence it was concluded that osteoblasts regulate HSC maintenance through 

NOTCH signalling. However, a later study showed that MxCre-mediated deletion of 

Jagged1 in HSCs and/or bone marrow stromal cells did not affect HSC numbers or 

function80. Furthermore, NOTCH1 deficient HSCs when transplanted alongside wt 

HSCs maintained their self-renewing capacity, and had no competitive 

disadvantage/advantage when transplanted into mice with Jagged1 deficient stroma, 

further discounting the notion of a critical role of Jagged1 mediated NOTCH1 

signalling in the HSC niche80. However, this does not discount the involvement of other 

NOTCH receptor-ligand pairs. 

While the importance of NOTCH signalling in embryonic development is well 

established, its role in the regulation of HCS self-renewal and differentiation remains 

unclear. Having said that, the ability of NOTCH signalling to maintain HSC 
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self-renewal and inhibit their differentiation in vitro has been of valuable use for the 

expansion and maintenance of these cells in vitro. As mentioned previously, this may 

have significant therapeutic benefits. 

The role of NOTCH signalling may be debatable in steady state haematopoiesis, 

however, it has been shown to play a role in cell fate decisions later down the 

differentiation tree. Many studies have shown that loss of NOTCH1 or blocking 

canonical NOTCH signalling in haematopoietic cells of mice results in a block in T cell 

development in the thymus, coupled with an abnormal increase of B cells in this tissue81-

83. The role of NOTCH signalling in T cell development is further reinforced by the 

observation that ectopic expression of NOTCH in the haematopoietic system of mice 

leads to the development of T cell acute lymphoblastic leukaemia (T-ALL)84 

Accordingly, gain-of-function NOTCH mutations are also found in human T-ALL85 

The WNT signalling pathway 

The WNT family of glycoproteins are secreted ligands that activate signalling cascades 

by interacting with the Frizzled membrane receptor plus other co-receptors, such as 

LRP (lipoprotein receptor-related protein) or RTK (receptor tyrosine kinase). WNT 

proteins can activate intracellular signalling through either calcium-protein kinase 

C/Jun N-terminal kinase (non-canonical) or β-catenin (canonical). Activation of the 

canonical WNT signalling pathway results in the stabilisation of β-catenin, which acts 

as a transcriptional co-factor and regulator of cell adhesion86. In the absence of WNT 

ligand, β-catenin is phosphorylated by CKI and GSK3-β in the so-called “destruction 

complex” that also contains Axin and APC (adenomatous polyposis coli). This leads to 

the recruitment of the β-TrCP containing E3 ligase, which ubiquitinates β-catenin for 

degradation by the 26S proteasome. Upon WNT signalling, β-catenin is stabilized and 

can then translocate to the nucleus and interact with the T-cell factor/lymphoid 

enhancer factor (TCF-LEF) family of transcription factors to initiate transcription of 

specific target genes. This pathway plays a role in many fundamental processes during 

embryonic development including body plan formation and differentiation of stem and 

progenitor cells. As such, the WNT pathway is highly conserved throughout the animal 

kingdom87. Many WNT proteins are expressed in blood cells and have been associated 
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with haematological malignancies88-90, therefore, their role in haematopoiesis has been 

of considerable interest. Earlier studies have established the role of WNT signalling in 

T cell development. For example, conditional loss of β-catenin in the T cell lineage 

results in a developmental block during early T cell development in the thymus91.  

Furthermore, another study assessed the expression of a stable β-catenin in the T cell 

lineage. The degradation β-catenin relies on phosphorylation on a specific site of the 

protein by GSK3-β, and excision of exon 3 in the Ctnnb gene results in the expression 

of β-catenin lacking this site, and thus stabilised.  Using this model, conditional 

expression of the stable β-catenin in T cells caused aberrant T cell differentiation in vivo 

with expansion of T cells lacking a functional T cell receptor92.  

A role for WNT signalling has also been implicated in the regulation of differentiation 

and self-renewal of HSCs. However, the use of different experimental strategies has 

yielded conflicting results. In vitro it has been shown that WNT proteins, in combination 

with SCF, can promote proliferation and inhibit differentiation of HSCs and early 

progenitor cells93,94. In line with these observations, an enhancement of self-renewal 

and maintenance of an immature phenotype was observed in vitro when stable β-catenin 

was over-expressed in HSCs95 or more committed progenitor populations96. In support 

of this, HSCs treated with WNT3a in vitro were found to be better at repopulating 

lethally irradiated mice as shown by limiting dilution reconstitution assays, with an 

expansion of the HSC population noted after transplant95. These findings suggest that 

WNT signalling maintains stem cell properties while these cells are proliferating as 

opposed to initiating differentiation. 

The role of WNT signalling in the maintenance of HSPCs became more contentious in 

further in vivo studies. For example, conditional deletion of β-catenin in the bone 

marrow using Mx-Cre showed no impact, suggesting that WNT signalling is 

dispensable for HSC maintenance in vivo97. It was thought that perhaps γ-catenin (a 

close homolouge of β-catenin) may play a compensatory role. However, the combined 

loss of β- and γ-catenin in vivo also had no effect on haematopoiesis98,99. Interestingly, 

the same study also showed that WNT signalling was still transmitted as TCF-LEF 

could still be activated in the absence of β- and γ-catenin, perhaps explaining the lack 
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of a phenotype98. Others suggested that the targeting strategy in this model could have 

resulted in a hypo-morphic allele, as opposed to a knock-out, explaining the still active 

WNT signalling pathway100. In line with the in vitro data, MxCre-mediated expression 

of a stable form of β-catenin in the haematopoietic system of mice resulted in a transient 

expansion of the LSK population as well as a block in differentiation of all lineages at 

various stages101,102. The LSKs were shown to be cycling more and additionally have 

defects in self-renewal as mice that received LSKs expressing stable β-catenin were not 

able to rescue animals from lethal irradiation101,102.  While β-catenin expression is not 

required for HSC function or maintenance, expression of stable β-catenin leads to HSC 

exhaustion.  Another study used Vav-Cre to delete β-catenin in the haematopoietic 

system. As with the MxCre mediated deletion, these mice appeared normal with normal 

numbers of HSCs demonstrating no defects in cell cycling and no differences in more 

mature cell types. However, contrary to previous results, in mixed bone marrow 

chimeras, β-catenin deficient cells were outcompeted by wt competitors89. This was 

exacerbated in serial transplantation experiments, suggesting that loss of β-catenin 

resulted in a defect in HSC self-renewal. These discrepancies can probably be explained 

by the incomplete deletion of β-catenin using the inducible Mx-Cre deletion system, as 

opposed to the constitutive Vav-Cre deleter. In a different approach, mice reconstituted 

with WNT3a deficient foetal liver cells had a reduction in total number of HSCs in the 

bone marrow compared to control mice that had been reconstituted with wt foetal liver 

cells, and their ability to maintain self-renewal capacity was severely impaired as shown 

by secondary repopulating assays103. The authors went on to show that the lack of 

WNT3a resulted in a loss of expression of TCF/LEF target genes consistent with the 

notion that a defect in canonical WNT signalling was responsible for the phenotype104. 

In summary, these data provide some conflicting results. Loss of β-catenin using the 

Mx-Cre system resulted in no phenotype, whereas loss of WNT3a or β-catenin using 

the more potent Vav-Cre system resulted in a defect in self-renewal and a reduction in 

the numbers of HSCs in the case of WNT3a loss. Additionally, many studies have 

shown that WNT signalling enhances HSC function, while conversely overexpression 

of a constitutively active form of β-catenin in HSCs resulted in premature loss of self-

renewal in transplant assays. 
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In light of these data, it was suggested that the dosage of WNT signalling in the HSC 

niche may be important and could account for the different phenotypes observed in the 

various systems105,106. In attempt to resolve these discrepancies, Luis and colleagues 

developed a system in which mutations in the Apc gene (encoding a crucial negative 

regulator of canonical WNT signalling) allows for different intensities of WNT 

signalling107. These experiments demonstrated that slightly increased levels of WNT 

signalling (~2.5x above normal) resulted in an increase in LSK cells. Of note, these 

expanded cells maintained their stem cell properties and were able to repopulate 

lethally irradiated mice in secondary transplants and even had a slight advantage over 

wt cells in competitive reconstitution assays107. Hence, slight activation of the WNT 

signalling pathway can increase the numbers of HSCs and does not only maintain, but 

even slightly enhance their stem cell properties. In contrast, higher activation (5-50x 

above normal) of the WNT signalling pathway resulted in HSC defects, as 

demonstrated by failed reconstitution assays in mice107. Subsequent studies suggest that 

this is likely due to increased differentiation potency with consequent loss of stem-like 

properties108. 

While still not entirely resolved, the field is getting closer to understanding the role of 

WNT signalling in the maintenance of HSCs. Currently it appears that loss of canonical 

WNT signalling does not impair HSC self-renewal. A slight increase in the dose of 

WNT signalling slightly enhances stem cell properties, whereas large increases in WNT 

signalling have the opposite effect and result in the loss of stem cell function. The latter 

observation may explain the disparity between results from different gain-of-function 

studies.  

1.2.5 Cell survival and programmed cell death 

Another important process regulating haematopoiesis is apoptosis, a form of 

programmed cell death. This fundamental pathway in multicellular organisms is 

involved in many processes, such as organ sculpting during embryogenesis, T cell 

maturation in the thymus, cell homeostasis in proliferating tissues, such as the gut, and 

deleting unwanted and potentially dangerous cells that are infected with pathogens or 

bear DNA lesions109. Apoptosis can be initiated in one of two ways; firstly, via the 
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extrinsic pathway with the binding of an extracellular ligand (e.g. FAS ligand) to a death 

receptor (e.g. FAS) on the target cell, or via the intrinsic pathway that is initiated by 

cellular stresses, such as DNA damage, cytokine deprivation or exposure to cytotoxic 

agents. 

The BCL-2 family of proteins regulates the intrinsic apoptotic pathway. These proteins 

are defined by the presence of at least one BCL-2 homology (BH) domain, (Figure 1.3) 

and are sub-divided into three different groups - the pro-survival proteins (BCL-2, 

BCL-XL, BCL-W, MCL-1, BFL-1/A1 and possibly BOO/DIVA), the pro-apoptotic 

BH3-only proteins (BIM, PUMA, NOXA, BMF, BID, BAD, BIK, HRK) and the 

pro-apoptotic effectors of apoptosis (BAK, BAX and BOX). It is the balance in 

expression and interaction between these different groups of BCL-2 family members 

that is key to whether apoptosis occurs or cells will survive110. Under unstressed 

conditions, the apoptosis effectors BAX and BAK are kept in check by the pro-survival 

BCL-2 proteins. Upon cellular stress the levels of the pro-apoptotic BH3-only proteins 

are upregulated transcriptionally and/or post-transcriptionally. The BH3-only proteins 

can activate BAX and BAK directly or indirectly by inhibiting the pro-survival proteins, 

thereby unleashing BAX/BAK proteins that were held in check. This allows BAX and 

BAK to form oligomers on the surface of the mitochondria perforating its surface 

(MOMP: mitochondrial outer membrane permeabilisation), which causes release of 

cytochrome c and other apoptogenic factors from the mitochondrial inter-membrane 

space. This is the point of no return for the cell to undergo apoptosis. Cytochrome c 

binds to APAF1 to form a multimeric protein complex called the apoptosome, that 

drives activation of the initiator caspase, caspase-9 (Figure 1.3). This results in the 

cleavage and activation of so-called effector caspases (caspases-3, -6 and -7) to unleash 

the caspase cascade. The activated caspases, a family of proteases, can then go forth 

and proteolyse hundreds of protein substrates within the cell leading to its organised 

destruction110,111. One signature feature of apoptosis is that it is immunologically silent, 

in other words it usually does not result in inflammation. ‘Blebbing’ of the plasma 

membrane of apoptotic cells is observed in culture but within tissues, dying cells are 

cleaned up by resident macrophages at an earlier stage assuring that no inflammation 

will be elicited.  
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Figure 1.3 The signalling pathways of apoptosis 

Apoptosis can be activated via the intrinsic pathway under stress 
conditions, such as DNA damage and cytokine deprivation. This leads to 
the up-regulation of the pro-apoptotic BH3-only proteins to inhibit the 
pro-survival BCL-2 proteins thereby unleashing the pro-apoptotic 
effectors BAK and BAX in check. Once activated, BAK and BAX 
mediate apoptosis by disruption of the mitochondrial outer membrane 
allowing the release of cytochrome c and additional apoptotic factors. 
This leads to apoptosome formation and consequent activation of 
caspase-9 followed by the effector caspases (caspase-3, -6 & -7) that can 
break down many cellular structures leading to the dismantling of the 
dying cell. Alternately, apoptosis can be activated via the extrinsic 
pathway by ligands that bind to their cognate death receptor at the cell 
surface, leading to the activation of the initiator caspase, caspase 8. 
Caspase 8 activates the effector caspases to initiate cellular destruction, 
and also cleaves and thereby activates the pro-apoptotic BH3-only 
protein BID. Truncated BID (t-BID) can then amplify the death signal 
through engagement of the intrinsic pathway by inhibiting the pro-
survival proteins and by directly activating BAK and BAX.  
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Haematopoiesis is a highly active process with millions of blood cells being made every 

second in adult humans and, accordingly, maintenance of normal cell numbers by 

intrinsic apoptosis is a crucial regulatory mechanism112. By orchestrating the balance of 

the pro-survival and pro-apoptotic proteins, the intrinsic apoptotic pathway can prevent 

accumulation of short-lived cells (e.g. neutrophils) and sustain the persistence of 

long-lived cells (e.g. HSCs and mature B as well as T lymphocytes). Defects in the 

apoptosis pathway can result in diverse pathologies in the haematopoietic system. Too 

much apoptosis can result in immunodeficiency whereas the abnormal survival of cells 

that should die can result in malignancy or autoimmune disease113. The first indication 

that the apoptotic pathway could regulate HSCs was provided when the pro-survival 

protein BCL-2 was overexpressed in the haematopoietic system (under the control of 

the major histocompatibility complex I promoter), which resulted in an increase in 

colony forming units in vitro, increased radio-resistance of HSCs and enhanced ability 

to repopulate lethally irradiated mice as shown by competitive reconstitution 

assays114,115. In line with these findings, loss of the pro-apoptotic protein BIM in the 

haematopoietic system of mice results in an expansion of lymphocytes and myeloid 

cells116. Furthermore, the combined loss of the pro-apoptotic effectors BAK and BAX 

results in perinatal lethality in most mice. However, in the ~10% of Bax-/-;Bak-/- mice 

that survived to adulthood, many abnormalities in the haematopoietic system were 

seen, including an expansion of the progenitor populations as well as mature 

lymphocytes and myeloid cells117. 

Given that apoptosis is an important regulator of haematopoiesis, there was much 

interest in identifying the pro-survival protein(s) responsible for the survival of HSCs. 

Early studies showed that genetic loss of the pro-survival proteins BCL-2 or BCL-XL 

in mice had no or only minor effect on the HSC population118-120. This led to an interest 

in the pro-survival protein MCL-1 (myeloid cell leukaemia-1) as it was also shown that 

MCL-1 is expressed in HSCs and down-regulated in more differentiated cell 

populations23. In 2005, Opferman and colleagues showed that deletion of MCL-1 in 

the haematopoietic system resulted in rapid loss of HSPCs in mice121, confirming that 

MCL-1 is a vital survival factor for the maintenance of HSCs. Of note, MCL-1 is up-

regulated in response to many known ligands that are known to act on haematopoietic 
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cells, such as SCF stimulation in HSCs121 and NOTCH in macrophages122 and chronic 

lymphocytic leukaemia (CLL)123. 

Interestingly, genetic loss of apoptotic effectors downstream of BAX and BAK have 

little effect on the haematopoietic system. After the integrity of the mitochondrial 

membrane is breached, APAF-1 forms a complex with caspase-9 to activate the 

downstream effector caspases. However, loss of APAF-1 or caspase-9 in the 

haematopoietic system did not cause an increase in the numbers of lymphoid or myeloid 

cells compared to wt mice124. This provided evidence for apoptosis-independent 

regulation of HSCs by caspases. Following on from this, White and colleagues later 

showed that caspase-9 inhibits interferon (IFN) production in dying cells and in the 

absence of caspase-9 excess IFN signalling resulting in a profound loss on the HSC 

population in competitive reconstitution experiments125.  

1.3 The E3 Ubiquitin-Ligase HECTD1 

The results I will present in chapters 3 to 5 of this thesis will focus on the role of 

HECTD1 in normal haematopoiesis and in leukaemia development. In this section I 

will provide an introduction into the protein ubiquitination pathway and detail what is 

currently known about HECTD1. 

1.3.1 General overview of protein ubiquitination 

Protein biology has come a long way since the one gene-one protein hypothesis and it 

is now well accepted that an organism’s proteome is vastly more complex than its 

genome. In addition to alternative splicing and mRNA editing, post-translational 

modifications (PTMs) of proteins greatly increase the functional diversity of a cell’s 

proteome. Well-known examples of PTMs and their outcomes include phosphorylation 

to modulate enzymatic activity or protein stability, and glycosylation to aid protein 

folding, trafficking and secretion. Ubiquitination is a common PTM that regulates 

many cellular processes and it involves the covalent attachment of ubiquitin, a small 

(8.5 kDa), highly conserved eukaryotic poly-peptide, to protein substrates126. Ubiquitin 

is conjugated to a target protein, typically by an iso-peptide bond between the 

C-terminal glycine of ubiquitin and the ε-amino group of a lysine residue within the 
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substrate protein127,128 via a three-step enzymatic process129,130. Firstly, ubiquitin must 

be activated by an E1 enzyme, a reaction that is ATP-dependent. Secondly, activated 

ubiquitin is transferred to an E2 enzyme in a conjugation step. Finally, the E3 ligase 

brings together the ubiquitin-bound E2 enzyme and the target protein substrate to 

facilitate the ligation step, resulting in ubiquitination of the target protein (Figure 1.4). 

Protein substrates can be mono-ubiquitinated (attachment of a single ubiquitin 

molecule), or poly-ubiquitinated whereby multiple subsequent ligation reactions results 

in ubiquitin being attached to itself on one of 7 internal lysine residues (K6, K11, K27, 

K29, K33, K48 and K63), or its N-terminus to build a polyubiquitin chain on the 

substrate. Of note, the covalent attachment of ubiquitin chains (or mono-ubiquitin) to 

its substrate is reversible through the activity of de-ubiquitinating enzymes (DUBs), 

allowing for exquisite fine-tuning of cellular signalling pathways. 

 
Figure 1.4 The protein ubiquitination pathway 

The attachment of ubiquitin to a protein substrate requires the activity of 
three enzymes - E1, E2 and E3. E1 is an activating enzyme that makes a 
transient bond with a ubiquitin molecule (Ub) in an energy dependent 
manner. This complex can then interact with an E2 enzyme in the 
conjugation step, whereby the E1 enzyme passes the loaded ubiquitin to 
the E2 protein. The E2-ubiquitin can now interact with an E3 enzyme, 
which acts as a scaffold bringing the E2-ubiquitin and the target substrate 
(S) into close proximity to facilitate the attachment of ubiquitin onto a 
lysine residue on the substrate. Ubiquitin can be attached directly onto 
the substrate by RING-type E3 ligases, or through a transient bond to the 
E3 ligase first as is the case for HECT-type E3 ligases. Subsequent ligation 
reactions result in polyubiquitin chains. 
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Ubiquitination can lead to a vast array of signalling outcomes, the fate of which often 

depends on the nature of the ubiquitin link formed. The first described and most well 

studied link is K48 poly-ubiquitination, which is required for the recognition and 

subsequent degradation of the targeted protein by the 26S proteasome131-135. This 

process can impact on a variety of cellular pathways depending on the target protein 

being degraded - cell cycle, division, transcription and apoptosis, just to name a few. 

Other well-characterised examples of ubiquitination include K63 poly-ubiquitin chains, 

which are essential for NF-κB signalling136,137, and mono-ubiquitination of a substrate, 

which is critical in many cellular processes, including histone regulation and 

endocytosis138. At first glance it may seem that ubiquitination is thoroughly studied, but 

the different patterns of ubiquitination and, hence their consequences on different 

biological processes, is large and leaves many open questions. As mentioned earlier, 

ubiquitin has 7 lysine residues as well as the N-terminus available for ubiquitin ligation 

and subsequent chain formation. The physiological relevance of many of these linkages 

remains relatively poorly characterized. Interestingly, recent work in the field has shown 

that ubiquitin chains can form heterogeneous branches and can also be post-

translationally modified themselves (e.g. through acetylation and phosphorylation). 

This highlights the overwhelming complexity of the ‘ubiquitin code’, and only now is 

the field developing tools to address these modifications and their biological 

implications139,140. Finally, ubiquitin can function as ‘free’ ubiquitin chains 

(unanchored) that are not covalently bound to a substrate and can be synthesised de novo, 

or generated by a DUB or proteasome excising it from a substrate. There have been a 

few roles described for unanchored ubiquitin chains, mainly in yeast or cell-free assays, 

such as functioning as signalling molecules141,142, as a reservoir for free ubiquitin, 

released in times of stress143, or be attached directly onto substrates in its ready-made 

chain form144-146. Furthermore, it was shown in human cells in vitro that free K63 

ubiquitin chains (generated by the E3 ligase TRIM25) act as a ligand to activate RIG-

I, a critical protein complex involved in the innate immune response to virus142,147. This 

provides evidence that this process is relevant in humans. It is also thought that the 

accumulation of unanchored ubiquitin chains can be toxic and are quickly dismantled 

by DUBs148. However, this idea has been recently challenged, by generation of a 

D. melanogaster mutant that overexpresses poly-ubiquitin chains that cannot be cleaved. 
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In this mutant, embryonic development was normal and the poly-ubiquitin chains were 

tolerated in adults149. 

Ubiquitin is a highly conserved protein, and as its name suggests, is found ubiquitously 

throughout all eukaryotic cells. Ubiquitination is involved in many different cellular 

processes; therefore, it must be tightly regulated in order to facilitate the desired 

outcomes. The specificity for ubiquitin ligation to specific substrates for its utility in 

different signalling pathways is facilitated, at least in part, by E3 ubiquitin ligases. 

1.3.2 HECTD1 is an E3 ubiquitin ligase 

The principal role of E3 ligases is to attach ubiquitin to a target protein (Figure 1.4). 

There are predicted to be more than 600 E3 ligases encoded by the human genome150. 

It is believed that this large number accounts for specificity of substrate recognition. E3 

ligases are classified into two major groups based on domain structure and the 

mechanism by which they facilitate the attachment of ubiquitin. The vast majority of 

E3 ligases are of the Really Interesting New Gene (RING)-type. This family of E3 ligases 

binds ubiquitin bound E2 enzymes and a substrate, acting as a scaffold to facilitate 

ubiquitin transfer directly onto the substrate. The RING-type E3 ligases often act as 

dimers or multi-protein complexes. This family includes the RING-fingers (aka RING-

motif or RING-domain), which require the coordination of zinc ions for catalysis to 

occur, and the RING-like (e.g. plant homeodomain (PHD) leukaemia-associated 

protein (LAP) and U-Box), which are zinc independent151. In contrast, only 28 of the 

>600 putative E3 ligase genes in the human genome belong to the second Homologous 

to E6AP Carboxyl Terminal (HECT)-type family, E6AP (E6 Associated Protein) being 

the founding member. HECT-type E3 ligases still bring together a ubiquitin bound E2 

enzyme with a specific substrate (albeit more often as a monomer). However, they differ 

from the RING-type E3 ligases in that they make a transient thioester bond with 

ubiquitin on itself before transferring it to the target protein. The enzymatic activity is 

facilitated by the C-terminal HECT domain - a stretch of approximately 350 amino 

acid residues that binds to the E2 enzyme and contains a conserved cysteine residue 

required to accept the ubiquitin before ligation to the target protein can occur152. 

HECT-type E3 ligases have highly variable N terminal regions, such that only a few 
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can be classified into groups. The NEDD4 family consists of 9 members defined by the 

presence of an N-terminal C2 domain followed by multiple WW domains. The HERC 

family has 6 members with one or more RCC1-like domains (RLD), with all other 

HECT domain containing proteins classified as “other”. 

As the name suggests, HECTD1 is a HECT-type E3 ubiquitin ligase. It has no RLD or 

C2/WW domains; therefore, it is classified as “other” and has no related E3 ligases with 

structurally familiar N terminal domains. As with most HECT-type E3 Ubiquitin 

ligases, HECTD1 is a large protein predicted to be 289 kDa. The N terminal domain 

of HECTD1 features ankyrin repeats, a Sad1/UNK (SUN) domain and a MIB-

HERC2 domain, all of which are believed to be involved in protein-protein interactions 

to confer substrate specificity. HECTD1 is conserved in eukaryotes, suggesting that it 

has important functions, which have yet to be identified. In yeast there are only 5 

HECT-type E3 ligases (Rsp5, Ufd4, Hul4, Hul5, and Tom1)153. Mammalian HECTD1 

(along with a handful of other human E3 ligases) shows closest homology to yeast Ufd4, 

which was shown to be involved in protein degradation/quality control, working in 

complex with a RING-type E3 ligase Ubr1154. Interestingly, Ufd4 has been shown to 

facilitate the generation of unanchored ubiquitin chains155, a non-canonical function of 

ubiquitin described in the previous section. In C. elegans, the HECTD1 homologue 

HECD1 was shown to interact with lin12 and glp-1 (NOTCH homologues) to modulate 

NOTCH signalling156. HECD1 was found to act as a positive regulator of the NOTCH 

pathway during gonad development (reduced lin12 activity with hecd1 loss), however, it 

appeared to behave as a negative regulator of NOTCH signalling during germline 

proliferation (increased glp-1 activity upon hecd1 loss)156. The differences in these 

responses remain unclear, nevertheless they may be able to inform us on the role of 

HECTD1 in mammals. 

1.3.3 HECTD1 is required for murine embryonic development 

HECTD1 was first identified in an ENU-mutagenesis screen for neural tube closure 

defects in mice. In that screen a mutation, named ‘openmind’ (opm) led to an early stop 

codon and hence C-terminal truncation of the HECTD1 protein157. The expression of 

this truncated HECTD1 protein resulted in mice exhibiting exencephaly and increased 
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density of the head mesenchyme, causing neural tube closure defects during embryonic 

development for all homozygous Hectd1opm/opm and even 5% of heterozygous Hectd1+/opm 

mice backcrossed onto a C3H/HeJ background. These results could be confirmed with 

a gene-trap generated Hectd1 mutant (XC) in which the HECT domain was disrupted 

by a LacZ-Stop cassette upstream of the essential cysteine residue in the active site, but 

leaving the N-terminal coding region intact158. As expected Hectd1XC/XC mice did not 

survive and displayed exencephaly. Collectively, these findings support the idea that loss 

of the E3 ligase activity of HECTD1 is responsible for the defects in embryonic 

development. Importantly, it was shown that the truncated HECTD1 (XC mutant) 

protein (but not the opm mutant protein) was expressed in the heads of E11.5 

embryos159. Interestingly there was a higher frequency (20%) of exencephaly in 

HECTD1+/XC mice. It was therefore suggested that the HECTD1 XC mutant protein 

acts as a dominant negative protein, as the N-terminal region of HECTD1 is still intact. 

Hence, the protein is still capable of interacting with its substrates, but can no longer 

ubiquitinate them. However, the difference in the frequency of exencephaly observed 

in the heterozygous Hectd1 mutants could also be explained by differences in the genetic 

backgrounds of the different mutant strains of mice. Of note, previous reports have 

shown that differences in genetic background can indeed influence the penetrance of 

exencephaly (for example in TP53-/- mice160). While the opm mutant mice were bred on 

a C3H/HeJ background, the XC mutants were bred on a mixed genetic background. 

Overexpression of a ligase dead HECTD1 mutant in 293T cells in vitro resulted in 

reduced ubiquitination, supporting the dominant negative hypothesis159. 

After the characterisation of the Hectd1 opm mice, HECTD1 was validated to function 

as an E3 Ligase159. Overexpression of the wt and ligase dead Hectd1 constructs in 293T 

cells led to increased or reduced ubiquitination of proteins, respectively. HSP90 was 

identified as a HECTD1 interacting partner in a yeast-two-hybrid screen as well as in 

a proteomics approach (LC-MS) by pulling down endogenous HECTD1 from primary 

tissues isolated from E10.5 wt embryos. After validating the interaction of HECTD1 

with HSP90, it was shown that HECTD1 ubiquitinates HSP90 via a K63 linkage to 

negatively regulate the secretion of HSP90 from cells. It was therefore proposed that 

the excess extracellular HSP90 causes an increase in the migration of cells within the 
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cranial mesenchyme, causing the neural tube defects observed in the absence of 

HECTD1 ubiquitination activity159. 

Exencephaly results in perinatal lethality, and while none of the HECTD1 knock-out 

mice survive, further work demonstrated that there were no aberrations in the 

Mendelian ratios between wt, heterozygous and knock-out Hectd1 mice at E13.5-E18.5, 

suggesting that exencephaly was not the only developmental defect caused by the loss 

of HECTD1161. The homozygous mutant embryos were slightly smaller than their wt 

littermates and a loss of cellularity and large tissue spaces in the placenta were noted. 

Differential expression of HECTD1 in different cell types in the placenta at different 

time-points suggests that HECTD1 may have a complex role in this tissue. While 

exencephaly occurred with 100% penetrance with homozygous loss of functional 

HECTD1, these other, subtler phenotypes had variable penetrance. There was a 

change in vasculature at the interface of the placenta and the embryo. This suggests 

that HECTD1 is important for the organisation of the cells that facilitate the interface 

of the maternal and foetal circulatory systems161,162. However, the pathways regulated 

by HECTD1 and the mechanism by which HECTD1 acts in these tissues remain 

unknown.  

1.3.4 The role of HECTD1 in cell migration 

In order to uncover the mechanism and pathways regulated by an E3 ligase, its 

substrates must be identified. There are only a few reported substrates of HECTD1, 

but many suggest a role of HECTD1 as a regulator of cell migration and focal adhesion. 

As mentioned above, it was shown that HECTD1 negatively regulates cranial 

mesenchyme cell migration in vivo during mouse embryonic development by K63 

ubiquitination of HSP90159. A different study showed a modest (albeit significant) 

increase in cell migration and loss of directionality in HECTD1 deficient mouse 

embryonic fibroblasts (MEFs) and after HECTD1 knockdown in HeLa cells163. This 

was explained by a reduction of focal adhesion proteins, paxillin and zyxin, which 

positively impacted the motility of the cells. It was proposed that HECTD1 

ubiquitinates IQGAP1, a known regulator of focal adhesion dynamics, with K48 

linkages leading to proteasomal degradation of IQGAP1. Therefore, loss of HECTD1 
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resulted in the stabilisation of IQGAP1, which in turn reduced paxillin and zyxin 

recruitment, resulting in increased cell migration. The increased cell migration could 

be reversed by the knockdown of IQGAP1 in HECTD1 deficient MEFs163. Another 

substrate targeted by HECT1 for proteasomal degradation by K48 linked 

ubiquitination is PIPKIγ90, another known regulator of focal adhesion164. Contrary to 

the previous studies, it was shown that knock-down of HECTD1 in the MDA-MB-231 

breast cancer derived cell line resulted in a reduction of migration distance and a loss 

of migration directionality. Furthermore, it was shown that transplanting a cell line 

expressing a lysine mutated, ubiquitin deficient PIPKIγ90 leads to a substantial 

reduction in lung metastasis164. Although implied, it was not directly shown that the 

effects seen with the PIPKIγ90 mutant can be recapitulated by the absence of 

HECTD1.  

Additionally, HECTD1 has also been proposed as a negative regulator of the WNT 

signalling pathway165. HECTD1 has been shown to enhance the APC-Axin interaction 

by K63 ubiquitination of APC, thereby stabilising the destruction complex and 

enhancing degradation of β-catenin165. Interestingly, in the same study it was also 

shown by microscopy that knock-down of HECTD1 in HEK293 cells overexpressing 

GFP-tagged APC (APC-GFP) resulted in the formation of protrusions in more than half 

of the cell population. Around 25% of the cells showed the accumulation of APC-GFP 

at the very end of these protrusions, implying again a role for HECTD1 in cell 

migration. The authors postulated that HECTD1 ubiquitination of APC could be an 

early event in the negative feedback regulation of the WNT signalling pathway by 

initiating the formation of the destruction complex, thereby regulating its localisation in 

the cytoplasm. More recent work has shown that HECTD1 is downregulated during 

differentiation of human embryonic stem cells166. The authors of this study went on to 

show that β-catenin interacts with HECTD1 by co-immunoprecipitation assays, further 

implicating HECTD1 in in the regulation of the WNT signalling pathway.  

1.3.5 HECTD1 and cancer  

There have been a few conflicting studies regarding the involvement of HECTD1 in 

cancer. A splice variant of HECTD1, HECTD1delta, was shown to be expressed in 



 

 

 

30 

T-ALL derived cell lines as well as in primary leukaemia samples but not in healthy 

haematopoietic cells167. This splice variant resulted in a loss of a glutamic acid residue 

in the pest domain of HECTD1, which predicts the protein product to be more stable 

than full-length HECTD1. This is in line with the observation that T-ALLs express 

higher levels of HECTD1-delta compared to normal tissues where it is likely wt 

HECTD1 is turned over more quickly. In another study, HECTD1 was shown to be 

more highly expressed in fibroblasts isolated from metastasis (bone marrow) sites 

compared to the primary site in breast cancer patient samples168. Another paper showed 

that HECTD1 acts in the nucleus by K48 ubiquitination of RIP140 to regulate complex 

formation at enhancer sites in human breast cancer derived cell lines in response to 

estrogen stimulation169. Furthermore, it was shown that HECTD1 ubiquitinated ACF7, 

a protein essential for epithelial-mesenchyme transition EMT maintenance and 

migration, and marked it for degradation. As such, in the absence of HECTD1, ACF7 

is stabilised and metastasis to the lung is increased in this tumour model170. Together 

these data, as well as previous work implicating HECTD1 in cell migration in many 

contexts, suggests a role for HECTD1 as a regulator of EMT. 

1.4 Haematological malignancies 

Haematopoiesis is a continually active process, generating new blood cells as needed 

during the lifetime of an organism. As I described in Section 1.1, the process of 

haematopoiesis is tightly regulated by many processes. Loss of homeostasis by 

dysfunction of the mechanisms that regulate HSCs can result in the malignant 

transformation of haematopoietic cells. In this section I will begin by broadly 

summarising some known signalling pathways that are involved in normal 

haematopoiesis but deregulated in transformed cells. I will then focus on the intrinsic 

apoptotic pathway and the pro-survival protein MCL-1, as this is the focus of my work 

presented in chapter 6. 

1.4.1 HSC regulation in cancer 

Understanding the biology of HSCs can inform us about the essential drivers that 

underpin neoplastic transformation and sustain cancer growth, haematological or 

otherwise. This can provide us with novel candidate proteins or pathways to 
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therapeutically target, revealing rational approaches to treating cancer. As I have 

established throughout this introduction, a principal function of HSCs is the ability to 

self-renew. Similarly, malignant cells also have the ability to self-renew, albeit in an 

aberrant manner. It makes sense then that the underlying processes and cellular 

pathways that control self-renewal in normal haematopoiesis may be unduly deployed 

in malignant cells. Similarly, the processes involved in the high level of proliferation of 

the more committed progenitor cells can also be exploited for the unrestrained growth 

of transformed cells. Furthermore, given that we know that self-renewal is inversely 

coupled to the process of differentiation, the gain of self-renewal in highly proliferative 

progenitor cells will likely result in the loss of the ability to differentiate can make for a 

formidable combination of traits that facilitate tumour progression.  

HSPCs can be the target cells for the acquisition of oncogenic mutations that drive 

leukaemogenesis as the machinery for self-renewal and/or proliferation is already active 

and therefore can be appropriated for propagation of cells with transforming mutations. 

Some of the earliest evidence for this comes from studying chronic myeloid leukaemia 

(CML). In almost all cases, CML is driven by the so-called Philadelphia chromosomal 

translocation between chromosomes 9 and 22 that generates the fusion gene BCR-ABL. 

The BCR-ABL fusion protein exhibits abnormal tyrosine kinase activity that activates 

the MAPK (mitogen-activated protein kinase) pathway171 that drives the expansion of 

mature granulocytic cells172,173. In a mouse model of BCR-ABL driven CML, the 

chromosomal translocation was found in multiple myeloid cell types, suggesting that the 

tumors were clonal and had originated from haematopoietic stem or progenitor cells173. 

Analysis of X chromosome inactivation in leukaemic cells from female CML patients 

confirmed that these tumours were indeed clonal and came from a cell that could also 

give rise to red blood cells, platelets and B cells. This provides further evidence that the 

cell of origin of CML is a haematopoietic stem or progenitor cell174,175. Another example 

includes acute myeloid leukaemia (AML). Unlike CML, AML tumour cells are ‘blast’-

like and appear morphologically like progenitor cells and also express the stem cell 

marker CD34176. More than 10% of AML cases carry a mutation that results in the 

fusion of the DNA binding domain of the RUNX1 gene (commonly referred to as AML-

1), to the RUNX1T1 gene (commonly referred to as ETO). Expression of the AML1-

ETO fusion oncoprotein interferes with many signal transduction pathways that 
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promote self-renewal and interfere with differentiation177, for example, transcriptional 

repression of AML-1 target genes178 or inhibition of differentiation factors, such as PU.1 

and C/EBPα, by protein-protein interaction177. Interestingly, in patient samples, the 

AML1-ETO chromosomal translocation was found not only in AML cells but also in the 

non-transformed HSCs179. Another subset of AML is driven by the fusion of the mixed 

lineage leukaemia (MLL) gene to a number of genes, for example MLLT3, commonly 

known as AF9. The MLL gene encodes for a histone methyltransferase involved in the 

regulation of the Hox gene family, and the abnormal MLL containing fusion proteins 

are thought to drive leukaemia development by driving abnormal expression of MLL 

target genes.  Work in mouse models has also demonstrated that MLL- rearranged 

AMLs can arise from HSCs and also myeloid committed progenitor cells180,181. MLL-

AF9 AMLs in mice are phenotypically different with different cells of origin. Murine 

tumors arising from HSC are much more likely to induce leukaemia and were less 

responsive to chemotherapy when compared to tumours arising from granulocyte 

macrophage progenitors (GMPs)182. Furthermore, in AML patients that do not have 

MLL chromosomal rearrangements, mutations in DNMT3A were identified in their 

non-transformed HSCs, without coincident driver mutations found in leukaemic 

cells183. This suggested that the DNMT3A mutation was an early event in neoplastic 

transformation. This is particularly interesting as identification of these early mutations 

that are already present in pre-leukaemic cells could utilized as early diagnostic markers. 

Interestingly, such pre-leukaemic cells could be detected in patient samples collected at 

remission. This suggests that these cells are not sensitive to chemotherapy and may be 

a source of relapse183. 

Pathways that have been implicated in the self-renewal of HSCs are often 

inappropriately activated in cancer cells due to mutations in genes encoding 

constituents of these pathways. It has long been established that overactive WNT 

signalling is commonly found in many cancers as mutations in different components of 

the pathway often lead to abnormal stability of β-catenin184. Mutations in Apc (encoding 

a negative regulator of canonical WNT signalling) is a driver of colorectal cancer185. 

While mutations in Apc are more common, mutations in Ctnnb1 (encodes β-catenin) that 

result in the loss of negative regulation by APC are also found in colorectal cancers 

186,187. In haematopoietic cancers, loss of β-catenin in a mouse model of BCR-ABL 
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driven CLL resulted in a significant reduction in tumour incidence89. It has also been 

shown that primary CML cells have active WNT signalling and require WNT signalling 

for their persistence in culture188. This suggests that the sustained growth of these cells 

is at least in part dependent on WNT signalling. CML tumour cells have also been 

found to have mutations in GSK-3β that result in the inability of this protein to 

phosphorylate β-catenin, a PTM required for its degradation189. In addition, expression 

of stable β-catenin in T cells via Lck-Cre deletion of Exon 3 of Ctnnb in mice, thereby 

removing the phosphorylation site required for its degradation, results in the rapid 

accumulation of immature T cells resulting in thymic lymphoma in mice190. 

Another example of a stem cell regulatory mechanism in which aberrations are 

frequently observed in cancer is the NOTCH signalling pathway. Previously I stated 

that the role of NOTCH signalling in HSCs remains controversial, however, its role in 

lymphocyte development is well established68, as is the deregulation of this pathway in 

T-ALL. Experimental mouse models have shown that overexpression of IC-

NOTCH1/3 in HSPCs induces T-ALL191,192. Clinically, multiple activating NOTCH1 

mutations as well as inactivating mutations in negative regulators of NOTCH that result 

in sustained signalling have been identified in human T-ALL84,193-196. NOTCH 

mutations have also been found, albeit at a low frequency (8%), in CLL197,198. 

Interestingly, the frequency of these mutations is increased in chemotherapy refractory 

CLL tumours. This suggests that NOTCH mutations could be a predictor of poor 

prognosis in CLL. A role of overactive NOTCH signalling has also been implicated in 

many B-cell malignancies, including Hodgkin lymphoma199, Burkitt lymphoma 

through the activation of c-MYC200, diffuse large B-cell lymphoma201 and follicular 

lymphoma202. Interestingly there are some reports that NOTCH proteins have tumour 

suppressive functions in the myeloid lineage as activation of the pathway in mouse and 

human AML cells inhibits their growth and survival by inducing apoptosis203,204. This 

suggests that there could be cell specific roles of NOTCH signalling in different 

haematopoietic malignancies.  

The intrinsic apoptotic pathway is another important regulator of the numbers of HSCs 

as well as many other haematopoietic cell types. BCL-2 is the archetypal member of the 



 

 

 

34 

BCL-2 family of proteins that are the key regulators of the intrinsic apoptotic pathway 

(Section 1.1.5, Figure 1.3). BCL-2 was first identified from a common chromosomal 

translocation found in follicular lymphoma that linked the BCL-2 locus to the 

immunoglobulin heavy chain locus leading to its aberrant overexpression, and was 

therefore predicted to be an oncogene. Following this, BCL-2 was shown to promote 

cell survival of myeloid progenitor cell lines when depleted of their requisite cytokines, 

but not through proliferation. as predicted, rather through blocking cell death205. This 

led to the idea that defects in apoptosis could promote tumorigenesis, a concept that is 

well accepted with evading apoptosis now considered a hallmark of cancer206,207. There 

are many examples for critical roles of BCL-2 family members in the development and 

sustained growth of diverse haematological malignancies208. For example, high levels of 

BCL-2 expression have been observed in CLL209 and AML210, and in the latter tumour 

this is associated with poor treatment responses. Conversely, loss of pro-apoptotic 

BCL-2 family members can also contribute to tumorigenesis. For example, loss of BIM 

or PUMA accelerates c-MYC driven lymphomagenesis in the Eμ-Myc mouse model of 

Burkitt lymphoma (BL)211,212. Furthermore, in human BL, the silencing of BIM213 and 

PUMA214 is commonly found in these tumours. MCL-1 is a pro-survival BCL-2 family 

protein that plays a critical role during many stages of haematopoietic development as 

well as the sustained growth of many cancers. Targeting MCL-1 as a novel therapeutic 

strategy in cancer is the focus of my work presented in chapter 6 of this thesis and 

therefore will be discussed further in the next sections. 

1.4.2 The role of MCL-1 in cancer 

MCL-1 is a pro-survival BCL-2 family protein that was shown in mouse models to be 

crucial for the survival of HSCs215. As with other regulators of HSPC survival, MCL-1 

has been shown to be a critical factor for the survival of many haematological 

malignancies as well as certain solid tumours. In a mouse model of B cell acute 

lymphoblastic leukaemia (B-ALL) driven by BCR-ABL, genetic loss of Mcl-1, either 

during their transformation or in their malignant state abolished tumour development 

or sustained tumour growth, respectively216. In the Eμ-MYC mouse model of BL217, loss 

of just one allele of Mcl-1 ablated the sustained growth of tumour cells in vivo resulting 

in almost 100% tumour-free survival in mice. Only lymphomas that harboured 

mutations in Trp53 were able to continue to grow in vivo after loss of one allele of Mcl-1, 
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but not after loss of both alleles of Mcl-1218. Furthermore, MCL-1 was shown to be 

critical for the development and sustained growth of T cell lymphomas219,220, multiple 

myeloma221 as well as certain solid tumours222,223. Of note, the MCL-1 locus is amplified 

in many different human tumour types224. Collectively, these data demonstrate that 

MCL-1 is a key survival factor for many malignancies. 

1.4.3 BH3 mimetics as cancer therapy 

Given the role of pro-survival BCL-2 proteins in tumorigenesis and the sustained 

growth of cancer cells there was a clear rational to generate novel therapeutic agents 

that inhibit their pro-survival action and thereby induce apoptosis of malignant cells225. 

The key to targeting the apoptotic pathway to induce apoptosis in cancer cells is the 

physical interaction between the pro-apoptotic BH3-only proteins and the pro-survival 

proteins. The BH3 only proteins bind to a groove on the surface of the pro-survival 

BCL-2 family members to inhibit their ability to prevent the activation of the apoptosis 

effectors BAX and BAK110. The most potent BH3-only proteins are BIM, PUMA and 

tBID, which can bind and inhibit all of the pro-survival BCL-2 proteins, whereas other 

BH3-only proteins bind only to select pro-survival BCL-2 family members226 

(Figure 1.5A). BH3-mimetic compounds are small molecules that do exactly as the 

name suggests, mimic the action of the pro-apoptotic BH3-only proteins by binding 

into the BH3 binding pocket on the surface of the pro-survival BCL-2 family 

members225,227 (Figure 1.5B-C). The first clinically relevant BH3 mimetic compound 

was Navitoclax (also known as ABT-263), which inhibits the pro-survival proteins 

BCL-2, BCL-XL and BCL-W228,229 (Figure 1.5B). Unfortunately, this compound 

caused on-target thrombocytopenia due to the reliance of platelets on BCL-XL for their 

survival. This slowed the progression of this compound in the clinic. Further medicinal 

chemistry led to the development of Venetoclax (also known as ABT-199), a small 

molecule that specifically inhibits BCL-2 but does not bind with measurable affinity to 

BCL-XL or BCL-W (Figure 1.5B), therefore obviating the thrombocytopenia caused 

by Navitoclax230.  
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Figure 1.5 BH3-mimentic drugs induce apoptosis 
(A) Pro-apoptotic BH3 only proteins (blue) bind to and inhibit pro-survival 
BCL-2 family members (pink) with varying specificity. (B) Similarly different 
BH3-mimetic drugs target different pro-survival BCL-2 family proteins. (C) 
Under normal conditions the abundance of BH3-only proteins is low, 
allowing the pro-survival BCL-2 family proteins to prevent the activation of 
the pro-apoptotic effectors BAK and BAX (left). BH3 mimetic drugs bind 
the BH3 binding groove of the pro-survival BCL-2 proteins, thereby 
unleashing BAK and BAX to initiate apoptosis (right).  

 

Venetoclax has had great success in the clinic, paving the way for BH3-mimetic drugs 

as a novel form of cancer therapy. Venetoclax was first tested in the clinic in patients 

with chemotherapy-refractory CLL231. Encouragingly, this compound was well 

tolerated with tumour lysis syndrome being the principal toxicity. This was swiftly 

overcome with an escalating dosing schedule to achieve remarkable tumour 

regression231-233. This led to the approval of Venetoclax by the FDA for the treatment 

of treatment-refractory CLL shortly after, and since then other regulatory bodies 
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around the world have followed suit. More recently, following continuing success in 

clinical trails234,235, Venatoclax has been approved for the treatment of AML in elderly 

patients. Currently many more clinical trials are underway to investigate the utility of 

Venetoclax in a number of haematological malignancies, including relapsed or 

refractory follicular, mantle cell and diffuse large B cell lymphomas236,237, T cell 

prolymphocytic leukaemia238 and multiple myeloma239,240. Collectively, these phase 1 

trials show that Venetoclax exerts significant activity as a single agent in many cancers. 

However, it is likely that more powerful and long-term responses will be achieved when 

Venetoclax is used in combination with other cancer therapeutics241.  

1.4.4 Targeting MCL-1 in cancer 

Since the advent of Venetoclax, additional BH3-mimetics have been developed that 

target other pro-survival BCL-2 family proteins, including BCL-XL and MCL-1225. 

There has been much interest in the development of an MCL-1 inhibitor given the 

overwhelming amount of evidence showing that MCL-1 is critical for the sustained 

growth of many cancers (Section 1.3.2). However, MCL-1 is also essential for the 

survival of many non-transformed cell types. Of note, MCL-1 is widely expressed242 

and loss of Mcl-1 causes lethality very early in embryonic development in mice, prior to 

implantation243. Genetic models that allow the deletion of MCL-1 in select tissues have 

revealed its importance in the survival of many haematopoietic cell types, including 

HSCs215, mature B and T cells244-247, neutrophils248 and natural killer cells249,250. 

Furthermore, MCL-1 has been shown to be crucial for the survival and function of 

cardiomyocytes251,252, hepatocytes253, neural precursor cells254, thymic epithelial cells 

(and thus T cell development)255 and in the maintenance of oocytes256. These data 

showing that MCL-1 is critical for the function of diverse cell types under normal 

conditions have raised concern about the use of an MCL-1 inhibitor as a therapeutic 

agent. Nevertheless, given that so many cancer types have shown dependence on 

MCL-1 for their sustained growth, this has led to the development of three independent 

MCL-1 inhibitors257-259. 

The first clinically relevant MCL-1 inhibitor, S63845, was developed by Servier257 and 

has produced very promising results in several pre-clinical models of cancer. Previous 
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work has established that Eμ-Myc lymphomas are highly dependent on MCL-1 with loss 

of even a single allele of Mcl-1 preventing the expansion of these tumours in vivo218. 

Excitingly, when Eμ-Myc lymphomas were treated in vivo with S63845, ~70% of the 

mice were cured257. Additionally, S63845 exhibited substantial anti-tumour activity in 

human AML and multiple myeloma grown as xenografts in immunocompromised 

mice257. Further work in pre-clinical models of AML showed a more pronounced anti-

tumour effect when S63845 was used in combination with a BCL-2 inhibitor260. 

Recently it has been shown that primary effusion lymphoma shows dependency on 

MCL-1, with these cell lines being highly sensitive to S63845 in vitro261. Collectively, 

these data suggest a promising outlook for the use of MCL-1 inhibitors for the treatment 

of diverse haematological malignancies. MCL-1 inhibitors have also shown efficacy in 

solid tumours. S63845 worked synergistically with inhibitors of oncogenic kinases (e.g. 

inhibitors of B-RAF or MEK) in lung cancer or melanoma derived cell lines257,258 and 

in combination with standard of care anti-cancer agents in breast cancer derived cell 

lines as well as patient-derived xenografts in vitro and in vivo262. Finally, tumour regression 

and prolonged survival was achieved in mice transplanted with certain lung cancer 

derived cell lines upon treatment with S63845 in combination with inhibitors of 

oncogenic kinase or a BCL-XL inhibitor263. 

Importantly, and somewhat surprisingly, there was little toxicity seen with S63845 at 

doses that achieved substantial tumour regression (25 mg/kg body weight). Healthy 

C57BL/6 mice could tolerate up to 40 mg/kg body weight of S63845, and mice that 

received 25 mg/kg showed no damage to major organs as shown by histological 

analysis. Only a small, albeit significant, reduction in B cells in the bone marrow was 

noted with all other haematopoietic cell populations analysed undisturbed at this 

dose257. While these results are certainly promising, it must be noted that S63845 has 

an approximately 6-fold higher affinity for human MCL-1 versus mouse MCL-1 as 

shown by cell-free binding assays257. This is reflected in vitro, with human Burkitt 

lymphoma derived cell lines being considerably more sensitive to S63845 than Eμ-Myc 

mouse lymphoma cell lines (murine model of Burkitt lymphoma). It is therefore possible 

that mice are not sensitive enough to reveal on-target toxicities of S63845 and that the 

tolerability (as well as efficacy against cancers) could be underestimated in the 

aforementioned studies. Additionally, the MCL-1 inhibitor AMG176, more recently 
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developed by Amgen, also shows similar properties such that AMG176 has a ~700-fold 

higher affinity for human MCL-1 versus mouse MCL-1258 suggesting this will be a 

common trait for MCL-1 inhibitors destined for clinical use. 

1.5 Summary and project aims 

Haematopoiesis is a tightly regulated process by which the entire mammalian blood 

system is generated and maintained throughout an animal’s lifetime. At the core of this 

process lie the HSCs, a remarkable cell type that can give rise to all the different cell 

types of the haematopoietic system. Pertinent to its function, is its ability to stay 

relatively quiescent and self-renew while also giving rise to more proliferative MPPs. 

While some signalling pathways (e.g. WNT or NOTCH signalling) and biological 

processes (e.g. HSC niche/cytokine signalling or apoptosis) are implicated in the 

regulation of HSC numbers and function, the literature remains controversial with 

many ideas requiring further study to be clearly understood. This line of research is 

important as disruption of these underlying processes can lead to bone marrow failure 

or haematological malignancies. Understanding these signalling pathways and the 

proteins that regulate these processes are important for gaining an appreciation of how 

to prevent or treat these pathologies, for example, by identifying new therapeutic 

targets. In this thesis I will present the results from two projects, firstly of the role of 

HECTD1 in normal haematopoiesis, and second, assessing the efficacy and safety of 

MCL-1 inhibitors in a novel humanised MCL-1 mouse model.  

1.5.1 HECTD1 in normal haematopoiesis 

HECTD1 is an E3 ligase that has not been studied in any adult tissues in vivo. While 

relatively understudied, HECTD1 has been implicated in the NOTCH and WNT 

signalling pathways - both of which have established roles in normal haematopoiesis. 

Additionally, inspection of the ImmGen database shows that HECTD1 is expressed in 

many cell types throughout the haematopoietic system 264. Therefore, I propose that 

HECTD1 plays a role in the haematopoietic system. To address this question, I 

generated chimaeric mice that had HECTD1 loss only in the haematopoietic system to 

uncover potential roles of HECTD1 in these cells. Additionally, I aimed to determine 

the impact of the loss of HECTD1 in haematopoietic cells when in competition with wt 
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cells in vivo. This work revealed a role for HECT1 in HSCs that will be presented in 

chapters 3-5 of this thesis. 

1.5.2 MCL-1 in malignant haematopoiesis  

It is clear that resisting apoptosis plays a major role in the initiation and maintenance 

of many cancers. This is highlighted by the recent success of the BCL-2 inhibitor 

Venetoclax in the clinic. More recently MCL-1 inhibitors (e.g. S63845) are proving 

successful in pre-clinical models of cancer. However, S63845 and AMG176 has a ~6- 

and ~700-fold higher affinity for human MCL-1 in comparison to mouse MCL-1 

respectively. Given that MCL-1 has been shown to be critical in many normal tissues, 

this has raised questions about whether mouse models can accurately assess the 

potential on-target toxicities of MCL-1 inhibitors. Therefore, to more accurately test 

MCL-1 inhibitors, we generated a novel pre-clinical model in which the mouse Mcl-1 

locus was humanised by replacing the native coding sequence with the human MCL-1 

coding sequence, thereby generating a humanised Mcl-1 (huMcl-1) mouse strain. My 

aims for this project were to; 1) characterise the huMcl-1 mice to confirm that the human 

protein could successfully replace the mouse MCL-1 protein in cells in vivo, 2) identify 

any potential toxicities of S63845 using the huMcl-1 mouse model and 3) assess the 

efficacy of S63845 in pre-clinical huMcl-1 cancer models. The results from these 

investigations will be presented in chapter 6 of this thesis.  
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Chapter 2 Materials and Methods 
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2.1 Cell culture and in vitro assays 

2.1.1 Cell culture 

All cells were maintained at 37˚C/10% CO2. Eμ-Myc lymphoma-derived cell lines were 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco) supplemented with 

10% (v/v) heat-inactivated foetal calf serum (HI-FCS) (SAFC), 50 μM 

2-mercaptoethanol (Sigma-Aldrich), 23.8 mM sodium bicarbonate (Merck), 1 mM 

HEPES (SAFC), 13.5 μM folic acid (Sigma-Aldrich), 0.24 mM L-Asparagine 

monohydrate (Sigma-Aldrich), 0.55 mM L-Arginine monohydrochloride 

(Sigma-Aldrich), 22.2 mM D-glucose (Ajax) and 100 U/mL Penicillin-Streptomycin 

(Sigma-Aldrich), herein referred to as ‘FMA’ medium. MLL-AF9 cell lines were 

generated by culturing bone marrow cells isolated from sick mice (see section 1.2.2 

below) cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) (Gibco) 

supplemented with 10% (v/v) HI-FCS, 6 ng/mL recombinant mouse IL-3 (generated 

in house), 35.97 mM sodium bicarbonate, 8.4 μM 2-mercaptoethanol and 100 U/mL 

Penicillin-Streptomycin. The human embryonic kidney cell line 293 expressing the 

SV40 large T antigen (293T) was maintained in DMEM supplemented with 10% (v/v) 

HI-FCS, 40 mM sodium bicarbonate and 100 U/mL Penicillin-Streptomycin. For 

suppression assays, cells were cultured in RPMI 1640 (Gibco) supplemented with 

10% (v/v) HI-FCS, 23.8 mM sodium bicarbonate, 2 mM sodium pyruvate (Sigma-

Aldrich), 50 μM 2-mercaptoethanol, non-essential amino acid (Gibco) and 100 U/mL 

Penicillin-Streptomycin, herein referred to as ‘RPMI complete’. For all in vitro assays 

where culture of primary mouse cells was required, FMA medium was used unless 

otherwise specified. 

2.1.2 Virus production 

To generate viral particles, 293T cells were transiently transfected with a retroviral 

MLL-AF9-IRES-GFP construct (10 μg) along with retroviral packaging vectors p-GAG 

(5 μg) and p-ENV (5 μg), by standard calcium phosphate co-precipitation265. 24 h prior 

to transfection, 2.8x106 293T cells were seeded onto 10 cm plates. Medium was 

replaced with DMEM + GlutaMAXTM (Gibco) supplemented with10% (v/v) HI-FCS 

at least 3 h prior to transfection. Medium was replaced with 8 mL target cell medium 

(FMA) 24 h post-transfection and virus containing supernatant was harvested at 48 h 
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post-transfection and filtered (0.22 μm) before use for infecting target cells 

(Section 2.2.2). 

2.1.3 Cell viability assays 

Cell viability was determined by resuspending cells in Annexin V binding buffer (0.1 M 

Hepes (pH 7.4), 1.4 M NaCl, 25 mM CaCl2) containing 1 μg/mL propidium iodide (PI) 

and FITC- or Alexa Fluor 647-conjugated Annexin V (generated in house). Spleen and 

thymi were harvested and single cell suspensions prepared by gentle mashing through 

a 100 μm nylon cell strainer (Falcon). To isolate B cells, splenocytes were pelleted and 

resuspended in 1 mL red cell lysis buffer (156 mM ammonium chloride (BDH), 11.9mM 

sodium bicarbonate, EDTA (Sigma-Aldrich)) for 5 min to deplete erythrocytes. Cells 

were then stained with biotinylated antibodies against CD4, CD8, MAC1 and GR1 

(Table 2.1) to enrich for B cells by MagniSort Streptavidin Negative Selection Beads 

(Thermo Fisher), as per the manufacturer’s protocol. Test cells, which included isolated 

B cells, single cell suspension from thymi, and Eμ-Myc lymphoma cell lines, were seeded 

at 5 x 104 cells/well in FMA, in triplicate per condition, in 96 well flat-bottom plates 

and treated with the indicated drugs: MCL-1 inhibitor S63845 (Servier), 

dexamethasone, etoposide, PMA, ionomycin (Sigma-Aldrich), BCL-2 inhibitor 

ABT-199 (Active Biochem) for the indicated times and concentrations. The IC50 values 

were determined using nonlinear regression algorithms in Prism (GraphPad). 

2.1.4 T regulatory cell suppression assay 

Spleens from lethally irradiated (2 x 5.5 Gy, 3 h apart) C57BL/6-Ly5.1 mice 

reconstituted with Hectd1-/- or wt foetal liver cells were harvested 10 weeks 

post-transplant (as well as 1 additional wt spleen to generate antigen presenting (AP) 

cells) and single cell suspensions prepared (detailed above) in phosphate-buffered saline 

(PBS, Gibco), 5% (v/v) HI-FCS and 5μM EDTA (herein referred to as FACS buffer). 

Red cells were depleted by resuspending splenocytes in 2 mL red cell lysis buffer 

(detailed above) for 2 min before being washed through a 1 mL HI-FCS cushion at 300 

x g for 5 min. Wt splenocytes for AP cells generation were resuspended at 8 x 105 

cells/mL and subject to irradiation (30 Gy). Single cell suspensions from each spleen 

was stained 
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for 30 min on ice in 500 μL antibody cocktail containing fluorescently conjugated 

antibodies against CD45.2, CD4 and CD25 at 2 times the normal concentration (Table 

2.1). Cells were washed and resuspended in 1 mL FACS buffer and filtered using 5 mL 

polystyrene round-bottomed tube with cell strainer cap (Falcon) for sorting. A 

population enriched for T regulatory cells (Tregs, CD45.2+CD4+CD25+) was sorted by 

FACS into HI-FCS, as well as wt CD4SP conventional T cells (Tcons, 

CD45.2+CD4+CD25-). Each Treg cell population was resuspended at 1 x 105 cells/mL 

in RPMI complete medium supplemented with 1 μg/mL antibody against CD3. Wt 

Tcon cells were stained with cell trace violet (CTV) in 0.1% bovine serum albumin 

(BSA)/PBS for 10 min at 37 ˚C in the dark, after which 5 mL of RPMI complete 

medium was added and cells were then incubated for 5 min on ice in the dark. Finally 

wt Tcon cells were resuspended in RPMI complete medium (2 x 105 cells/mL) and 

plated at 1 x 104 cells per/well (50 μL) in a round-bottomed 96 well plate in triplicate 

per condition together with 4 x 104 AP cells per/well (50 μL). Sorted Hectd1-/- or wt 

Treg cells were added in diluting amounts as indicated. RPMI complete medium 

supplemented with 1 μg/mL antibody against CD3 was added to all wells to a final 

volume of 200 μL, such that the final concentration of antibody against CD3 was 0.5 

Table 2.1 Antibodies for flow cytometric analysis  
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μg/mL. Cells were then incubated at 37˚C/10% CO2 for 72 h before harvesting to 

quantify the percentages of undivided wt Tcon cells and those that had divided once, 

twice or more times by detecting CTV by flow cytometry. 

2.2 Mice 

The care and use of mice for all experiments were carried out in accordance with ethics 

approval granted by the Walter & Eliza Hall Institute Animal Ethics Committee, and 

were performed within the rules and guidelines of the Australian Code of Practice for 

the care and use of animals for scientific purposes. Eμ-Myc217 and Mcl-1wt/-246 mice have 

been described previously. All mice are kept on a C57BL/6-Ly5.2 background. 

2.2.1 Generation of the huMcl-1 and Hectd1-/- mouse strains 

The Hectd1 ‘knock-out-first/conditional-ready’ mice were derived from gene-targeted 

embryonic stem (ES) cells (C57BL/6N), which were generated by the European Mouse 

Consortium158. Positively targeted ES cells were injected by WEHI’s central 

microinjection facility to obtain Hectd1 ‘knock-out first/conditional-ready’ mice. Briefly, 

ES cells were injected into Balb/C blastocysts that were transferred into 

pseudopregnant BALB/c × C57BL/6J F1 mice. Mice in which the genomic region for 

mouse Mcl-1 had been replaced with the human MCL-1 sequence (huMcl-1 mice) were 

generated by Taconic Biosciences GmbH, Cologne, Germany. The targeting vectors 

were transfected into the TaconicArtemis C57BL/6NTac ES cell line. Homologous 

recombinant clones were isolated using positive (PuroR) and negative (Thymidine 

kinase - TK) selection. Correctly targeted ES cells were injected into BALB/c 

blastocysts that were then transferred into pseudo-pregnant NMRI females. Chimaeric 

offspring were selected by coat colour for further breeding. The PuroR (huMcl-1 mice) 

and the lacZ/neomycin (Hectd1) sequences were flanked by FRT sites to allow removal 

of these selection cassettes by crossing chimaeric mice with the Flpe transgenic mice266. 

This gave rise to the huMcl-1 allele and the floxed Hectd1 allele, respectively. To generate 

Hectd1-/- mice, the Hectd1 floxed animals were crossed to C57BL/6 CMV-Cre 

transgenic “deleter” mice267. The huMcl-1 allele was bred onto a C57BL/6-Ly5.1 

background for use as recipient animals for all tumour transplant and toxicity 

experiments. 
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2.2.2 Generation of MLL-AF9 induced AML cells 

Foetal liver cells (a rich source of HSPCs) from Hectd1-/- and wt E14.5 embryos were 

transduced with an MLL-AF9-IRES GFP retrovirus and transplanted into lethally 

irradiated C57BL/6-Ly5.1 congenic recipient mice. Foetal liver cells were collected and 

frozen down in HI-FCS/ 10% dimethyl sulfoxide (DMSO, Sigma-Aldrich) and stored 

at -80˚C. To introduce the MLL-AF9 construct into the foetal liver cells, viral 

supernatants were first generated (described above). Foetal liver cells were thawed and 

cultured for 24 h at 37˚C and 10% CO2 in alpha-MEM media (Gibco) supplemented 

with 10% (v/v) HI-FCS, 1 mM L-Glutamine (Gibco), 1 mM sodium pyruvate (Gibco), 

50 μM 2-mercaptoethanol, 10 mM HEPES, 100 U/mL Penicillin-Streptomycin 

(Gibco), as well as cytokines; 100 ng/mL SCF, 10 ng/mL mIL-6, 50 ng/mL TPO and 

5 ng/mL FLT3 (generated in house). Viral supernatants were spun down onto 

retronectin (generated in house) coated 12 well plates (1 mL /well, 32 μg/mL 

retronectin in PBS, 4˚C overnight) at 1363 x g for 45-60 min at 32˚C, after which the 

viral supernatant was removed and foetal liver cells were added (cells from 1 foetal liver 

per well) and incubated at 37˚C 10% CO2 for 24 h. Cells were then harvested and 

washed twice in 10 mL PBS before resuspending in PBS and transplantation into 

lethally irradiated (2 x 5.5 Gy, 3 h apart) C57BL/6-Ly5.1 mice (200 μL per mouse, 1 

foetal liver into 2 recipient mice). Such reconstituted mice were monitored for signs of 

sickness (enlarged spleen, anaemia and lethargy) by experienced mouse technicians and 

euthanized when deemed unwell. Mice with leukemia (enlarged spleen, anemia, high 

peripheral white blood cell count) were used to generate an animal survival curve and 

spleen and bone marrow cells were frozen down in 90% FCS/10% DMSO and stored 

at -80˚C. A small aliquot of bone marrow cells were placed into culture to generate cell 

lines (described above). 

2.2.3 Genotyping 

To isolate genomic DNA, tail clippings of mice (obtained at weaning) were digested in 

200 μL DirectPCR Lysis Reagent (Viagen Biotech) with 0.4 μL Proteinase K (Sigma-

Aldrich-Aldrich) at 56˚C, with shaking overnight. Proteinase K was heat inactivated at 

85˚C for at least 30 minutes. PCR reactions were done with 1 μL genomic DNA in 10 

μL GoTaq Green Master Mix (Promega), with each primer pair at a final concentration 
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of 0.5 μM. All primers were obtained from Integrated DNA Technologies and are listed 

in Table 2.2 along with the expected band sizes of the DNA product. PCR products 

were separated by gel electrophoresis (100 V for 30-40 min) on a 1.5% agarose gel 

containing 0.5 μg/mL ethidium bromide to visualise DNA and were imaged using the 

ChemiDoc XRS+ machine with ImageLab software (Bio-Rad). For PCR protocols 

refer to Table 2.3. 

Table 2.2 Genotyping primers 

 

Table 2.3 PCR protocols 
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2.2.4 In vivo drug treatments 

Single cell suspensions of 1 x 105 Eμ-Myc lymphoma (Ly5.2) cells in PBS were injected 

into 8-12 week old huMcl-1;Ly5.1 recipient mice by i.v. tail vein injection. Recipient 

mice were sex matched to the transplanted tumours. Working solutions of 

cyclophosphamide (CP) and 5-fluorouracil (5-FU, Sigma-Aldrich) were prepared in 

PBS. CP was administered by intraperitoneal injection, 5-FU by i.v. tail vein injection. 

The MCL-1 inhibitor S63845 (Servier) was formulated extemporaneously and 

protected from light in 2% Vitamin E/TPGS (Sigma-Aldrich) in NaCl 0.9% (w/v) and 

delivered by i.v. tail vein injection at the indicated doses and schedule. Mice were 

monitored for sickness (splenomegaly, lethargy, increased respiration, inability to rise 

or ambulate) and had to be euthanised when deemed unwell by experienced mouse 

technicians. 

2.3 Haematopoietic reconstitution experiments 

2.3.1 General haematopoietic reconstitution 

Hectd1+/- mice were set up in timed heterozygous matings to generate Hectd1-/- E14.5 

embryos. Embryos were isolated and scored for exencephaly and kept in PBS/10% 

(v/v) HI-FCS on ice while genotyping was performed. A small piece of tail tissue was 

taken to obtain genomic DNA and digested in 200 μL DirectPCR Lysis Reagent with 

1 μL Proteinase K at 56˚C, with shaking at top speed for 30 min. Proteinase K was 

inactivated at 100˚C for 1 min after which samples were placed onto ice. Embryos were 

genotyped using 1 μL tail DNA in 10 μL GoTaq Green Master Mix, with each primer 

pair (Table 2.2) at a final concentration of 0.5 μM and the ‘quick’ Hectd1 PCR protocol 

(Table 2.3). PCR products were separated and visualised as described in section 1.2.3. 

Wt and Hectd1-/- foetal livers were isolated into PBS/10% (v/v) HI-FCS and counted 

on a BioRad TC20 automated cell counter with trypan blue to exclude dead cells. 

Foetal liver cells were then washed in PBS and resuspended at a concentration of 12.5 

x 106 live cells per mL. 2.5 x 106 cells (200 μL) were transplanted by i.v. injection into 

the tail vein of lethally irradiated (2 x 5.5 Gy, 3 h apart) C57BL/6-Ly5.1 recipient mice. 

Each foetal liver was transplanted into 2-3 recipient mice. 
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2.3.2 Competitive haematopoietic reconstitution 

Hectd1-/- and wt E14.5 embryos were generated and genotyped as described in section 

2.3.1. Additionally, C57BL/6-Ly5.1 mice were set up in timed matings to generate 

E14.5 embryos for ‘competitor’ reconstitution experiments using wt foetal liver cells. 

C57BL/6-Ly5.1, Hectd1-/- Ly5.2 and wt Ly5.2 littermate foetal livers were collected and 

frozen down in 90% HI-FCS/10% DMSO. Hetcd1-/- and wt foetal liver cells were 

thawed into 10 mL FMA medium with each foetal liver kept separate. Competitor 

C57BL/6-Ly5.1 foetal liver cells were thawed into FMA medium and pooled. Cells 

were counted using a TC20 automated cell counter (BioRad) with trypan blue to 

exclude dead cells, washed in PBS and resuspended at 15 x 106 cells/ mL. C57BL/6-

Ly5.1 foetal liver cells were mixed at a 1:1 ratio with either Hectd1-/- Ly5.2 or wt Ly5.2 

foetal liver cells (i.e. 100 μL each for a total of 3 x 106 cells per recipient mouse). Some 

of each sample was set aside to stain with flurochrome conjugated antibodies against 

CD45.1 and CD45.2 (Table 2.1) and analysed by flow cytometry to ensure a correct 

ratio of cells. Each sample was transplanted by i.v. injection into the tail vein of 4 lethally 

irradiated (2 x 5.5 Gy, 3 h apart) C57BL/6-Ly5.1/Ly5.2 recipient mice. 

2.3.3 Diluting and serial haematopoietic reconstitution 

Femurs from primary recipient mice (section 2.3.1) were harvested and bone marrow 

isolated by femoral flushing using PBS/ 10% HI-FCS. Primary recipient mice that had 

received donor cells from the same foetal liver were pooled. Each pooled cell population 

was counted using a TC20 automated cell counter with trypan blue to exclude dead 

cells. Cells were washed twice with PBS/10 % FCS before being prepared at different 

concentrations in PBS for different amounts of cells being injected i.v into new lethally 

irradiated (2 x 5.5 Gy, 3 h apart) C57BL/6-Ly5.1 recipient mice (200 μL per mouse). 

For the diluting, haematopoietic stem cell reconstitution recipient mice received either 

1 x 105, 2 x 105 or 5 x 105 total cells from each pooled sample. For long-term secondary 

recipient mice, 1 x 106 cells were injected into 3 new lethally irradiated (2 x 5.5 Gy, 3 h 

apart) C57BL/6-Ly5.1 recipient mice. 



 

 

 

51 

2.4 Immuno-staining and flow cytometry 

Lymphoid organs were harvested and single suspensions prepared (described above) in 

FACS buffer. Thymus and spleen cells were dissociated by gentle passing through a 70 

μm strainer (Falcon). Bone marrow cells were isolated by femoral flush with a 26G 

needle and gentle pipetting. Approximately 5 x 106 cells were stained in 50 μL of the 

appropriate antibody cocktail made in FACS buffer supplemented with FcγR antibody 

containing supernatant for blocking of non-specific binding of the fluorochrome-

conjugated antibodies (made in house) for at least 30 min on ice in the dark. For all 

HSPC analyses, whole bone marrow and foetal liver cell suspensions were stained in 

either 75 μL (1 femur, or 1 foetal liver) or 140 μL (both femurs) of the appropriate 

staining cocktail, for at least 90 min with flicking at regular intervals. Secondary staining 

with streptavidin fluorochrome conjugates was performed in FACS buffer (no anti FcγR 

antibody added) in the same volumes for at least 30 min in all cases. All antibodies were 

obtained from eBioscience, BioLegend or had been generated in our Division and are 

listed in Table 2.1. PI (1 μg/mL, Sigma-Aldrich) or FluoroGold (1 μg/mL, AAT 

Bioquest) were used to exclude dead cells. Organ cell counts were determined by adding 

a known concentration of fluorescently labelled Calibrite beads (Becton Dickinson) with 

each sample. Data were collected using LSR II, LSRFortessa or LSRFortessa X-20 

analysers and examined using FlowJo 10 (Becton Dickson). 

2.5 Co-immunoprecipitation and Western blotting 

For co-immunoprecipitation, thymocytes were isolated from Mcl-1wt/wt and Mcl-1hu/hu 

mice and protein extracted by placing the cells in lysis buffer (20 mM Tris-pH 7.4, 135 

mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10% glycerol, 1% Triton X-100) 

supplemented with protease inhibitors cOmpleteTM (Roche) and pepstatin A (Sigma-

Aldrich). Cell lysates were collected and pre-cleared with sepharose beads for 1 h at 4˚C 

with constant agitation. Immunoprecipitation was performed using 2.5 μg monoclonal 

antibody against MCL-1, clone 14C11-20268, incubated overnight at 4˚C, followed by 

incubation with protein G sepharose beads for 1 h at 4˚C. Immunoprecipitated proteins 

were eluted by boiling the beads in SDS-PAGE sample buffer for 5 min and analysed 

by Western blotting (antibodies listed in Table 2.4). For all other Western blot 

experiments, cell lysates were prepared in RIPA buffer (50 mM Tris.HCl pH 8, 150 
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mM NaCl, 1% NP-40, 0.5% Sodium Deoxycholate, 0.1% SDS) supplemented with 

cOmpleteTM protease inhibitor. Protein concentration was determined by Bradford 

assay using the Protein Assay Dye Reagent Concentrate (Bio-Rad). Samples of 15 μg 

protein were prepared in Laemmli buffer (0.25 M Tris.HCl pH 6.8, 40% glycerol, 0.8% 

SDS, 0.1% bromophenol blue, 10% 2-mecaptoethanol), boiled for 5 min and size 

fractionated by gel electrophoresis on NuPAGE 10% Bis-Tris 1.5 mm gels (Life 

Technologies) in MES buffer and then transferred onto nitrocellulose membranes (Life 

Technologies) using the iBlot membrane transfer system. Antibody dilution and 

blocking were performed in 5% skim milk, 0.1% Tween 20 (Sigma-Aldrich) in PBS. For 

antibodies refer to Table 2.4, in house antibodies268,269. Luminata Forte Western HRP 

substrate (Millipore) was used for developing the signal and membranes were imaged 

and analyzed using the ChemiDoc XRS+ machine with ImageLab software.  

Table 2.4 Western blot antibodies  

 

 

2.6 RNA sequencing 

2.6.1 Sample preparation and RNA extraction 

LSK cells were isolated from Hecdt1-/- and wt E14.5 foetal livers. Foetal livers were 

harvested into 2 mL of FACS buffer and cells were dissociated by gentle pipetting. To 

enrich for LSK cells, each fetal liver was stained in 100 μL biotinylated antibody cocktail 
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containing antibodies against B220, TER119, GR1 and Ly6 for 15 min at room 

temperature (RT). 8 μL MagniSort Streptavidin Negative Selection Beads were added, 

mixed by gentle pipetting and incubated for 5 min at RT, before being placed on a 

magnet for 5 min at RT to capture cells attached to the beads. The left over cells were 

transferred into a fresh tube, washed, spun down and resuspended in 50 μL of an 

antibody cocktail containing fluorochrome-conjugated antibodies against cKIT, SCA1 

and enabling LSK cells to be isolated by FACS sorting using an Aria sorter. The 

collected LSK cells were spun down (300 x g, 5 min) and resuspended in 700 μL QIAzol 

Lysis Reagent (Qiagen) and stored at -80˚C until enough samples were collected. 

Hectd1-/- and wt MLL-AF9 induced AML cells (refer to Sections 2.1.1 and 2.2.2 for 

generation and culture) were harvested (9 x 105 cells) at a low passage number (4-6). 

RNA was extracted using the miRNeasy Micro Kit (Qiagen) as per the manufacturers 

protocol and included the optional on-column DNase digestion step.  

2.6.2 cDNA library preparation and transcriptome sequencing 

An input of 50 ng of total RNA was prepared and indexed separately for illumina 

sequencing using the TruSeq RNA sample Prep Kit (illumina) as per manufacturer’s 

instructions. Each library was quantified using the Agilent Tapestation and the Qubit™ 

DNA BR assay kit for Qubit 3.0® Fluorometer (Life technologies).  The indexed 

libraries were pooled and diluted to 1.5pM for paired end sequencing (2x 81 cycles) on 

a NextSeq 500 instrument using the v2 150 cycle High Output kit (illumina) as per 

manufacturer’s instructions. The base calling and quality scoring were determined 

using Real-Time Analysis on board software v2.4.6, while the FASTQ file generation 

and de-multiplexing utilised bcl2fastq conversion software v2.15.0.4. 

2.6.3 RNA sequencing analysis 

Reads were aligned to the GRCm38/mm10 build of the Mus musculus genome using 

Rsubread version 1.30.8270. The proportion of reads that mapped to the reference 

genome was greater than 97% for all samples. Gene-wise counts were obtained using 

featureCounts271 and the NCBI RefSeq annotation. Differential expression analyses 

were undertaken using the edgeR272 and limma273 software packages. Genes that are 

on the Y chromosome as well as the Xist gene were excluded to remove gender bias. 
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Non-protein coding immunoglobulin genes, ribosomal RNA, and those with obsolete 

Entrez IDs were also removed to reduce noise. Furthermore, 11,384 lowly expressed 

genes were filtered out using the filterByExpr function with default settings (minimum 

count of 10) in edgeR, leaving 14,334 genes for downstream analysis. Compositional 

differences between the libraries were normalized using the weighted trimmed mean of 

M-values (TMM) method274. Counts were converted to log2 counts per million (CPM). 

Differential expression between all genotypes was assessed using linear models and 

robust empirical Bayes moderated t-statistics with a trended prior variance275. To 

increase precision, the linear models incorporated a correction for a litter batch effect 

as well as a single surrogate variable calculated using limma’s wsva function. P-values 

were adjusted to control false discovery rate below 5% using the Benjamini and 

Hochberg method. Mean-difference plots were produced using the plotMD function in 

limma while heatmaps were generated using limma’s coolmap function. Pathway 

analyses were carried out on differentially expressed genes to test for overrepresentation 

of biological pathways as defined by Gene Ontology276,277 and KEGG pathways278-280 

using limma’s goana and kegga functions respectively. Furthermore, analyses were 

conducted using the MSigDB C2 and hallmark collections281,282 applying limma’s 

ROAST test283. 

2.7 Statistical analysis 

Prism software (GraphPad) was used to generate mouse Kaplan-meier survival curves 

and to perform all statistical testing of data. All data are presented as mean±s.e.m unless 

otherwise stated. P values < 0.05 were considered significant. 
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Chapter 3 Characterising the role of HECTD1 

in vivo with particular emphasis 

on the haematopoietic tissue 
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3.1 Introduction 

We have a limited understanding of the physiological roles of the E3 ubiquitin ligase 

HECTD1 in vivo. Complete loss of HECTD1 function in mice results in exencephaly 

and embryonic lethality157. It was suggested that the exencephaly observed in 

Hectd1-deficient embryos was due, at least in part, to deregulation of the heat-shock 

protein HSP90, resulting in an increase of cranial mesenchymal cell migration159. 

However, as the Mendelian ratios of Hectd1-deficient, heterozygous and wt embryos 

from intercrosses of heterozygous parents were not maintained at E12.5, and 

exencephaly is only fatal at a later time, some of the embryonic lethality was likely due 

to some other developmental defect. It was shown that the placental interface was 

compromised in Hectd1-/- embryos, likely contributing to their failure to thrive and 

survive161,162. Furthermore, as discussed in Chapter 1, in vitro studies using ectopic 

expression of wt or ‘ligase dead’ mutant HECTD1 in various cell lines suggested 

HECTD1 plays a principal role in inhibiting cell migration159,163,165, with some 

additional conflicting literature that suggests HECTD1 positively regulates cell 

migration164. Furthermore, HECTD1 has also been implicated in cancer metastasis 

with most data indicating HECTD1 as a negative regulator of EMT168-170. However, 

due to the embryonic lethality of HECTD1-deficient mice, and a lack of genetic mouse 

models allowing tissue restricted conditional deletion of Hectd1 in adult animals, many 

of its roles in vivo likely remain unknown.  

To determine the functions of HECTD1 in vivo we generated conditional Hectd1 knock-

out mice on a C57BL/6 genetic background. I used this novel mouse model to examine 

the effect of HECTD1 loss in the haematopoietic system of mice. In this chapter I will 

present data from two differing haematopoietic reconstitution conditions. Firstly, I 

generated reconstituted mice in which wt mice had their haematopoietic cells replaced 

by Hectd1-/- HSPCs to identify the haematopoietic cell types affected by the loss of 

HECTD1. Secondly, I conducted competitive reconstitution experiments, in which 

Hectd1-/- foetal liver cells were transplanted as a 1:1 mixture with wt competitor foetal 

liver cells to address the question of whether HECTD1 loss confers an advantage or 

disadvantage to any cell subsets of the haematopoietic system. 



 

 

 

58 

3.2 Generation of Hectd1 knock-out mice 

In order to generate Hectd1-/- mice on a C57BL/6 background, we first obtained ES 

cells targeted with a ‘knock-out-first/conditional-ready’ construct for the Hectd1 locus 

from The European Conditional Mouse Mutagenesis Program (EuCOMM)284. These 

mice have a lacZ reporter fused to a neomycin resistance cassette flanked by FRT 

recombination sites inserted after exon 2, which contains the start codon of the Hetcd1 

gene. Additionally, the targeting vector used to engineer the Hectd1 ES cells led to the 

flanking of exon 3 of Hectd1 with loxP sites (Figure 3.1A, top panel). The integrated 

lacZ/neomycin genes are expressed under the control of the endogenous Hectd1 promoter. 

Since the lacZ/neomycin cassette has a splice acceptor site at the 5’ end and a 3’ poly-

A sequence, the resulting mRNA is composed of exon 2 from Hectd1-lacZ/neomycin, i.e. 

no downstream sequences of Hectd1 mRNA will be transcribed, essentially resulting in 

a Hectd1 null allele. To eliminate the lacZ/neomycin cassette, and thereby generate a 

conditional Hectd1 floxed allele, I crossed these mice to C57BL/6 FlpE recombinase 

transgenic mice266. The resulting offspring carry a floxed Hectd1 allele (Figure 3.1A, 

middle panel), thereby re-acquiring the native expression of Hectd1and allowing the 

conditional deletion of Hectd1 by further breeding to Cre recombinase expressing 

animals. To generate a ‘true’ Hectd1 knock-out allele, I crossed the Hectd1 floxed mice 

to C57BL/6 CMV-Cre transgenic (so-called “deleter”) mice267 resulting in offspring 

heterozygous for the Hectd1 knock-out allele (Figure 3.1A, bottom panel). Removal of 

exon 3 introduces an early stop codon within the open reading frame (ORF) and 

subsequently disrupts successful translation of the gene (Figure 3.1B). Subsequent 

breeding was carried out to establish mice that carry germline loss of Hectd1 (Hectd1+/-) 

and lack the Cre transgene.  

 Previously it was shown that homozygous loss of Hectd1 in mice results in a 100% 

incidence of exencephaly157 and fewer than expected Hectd1-/- embryos are present at 

E12.5161. Accordingly, I did not observe any Hectd1-/- offspring at weaning (Table 3.1), 

and exencephaly was observed in E14.5 Hectd1-/- embryos. While suitable antibodies to 

detect HECTD1 protein and hence to confirm the knock-out of the protein in my mice 

are lacking, the predicted out of frame ORF after Cre mediated deletion of the 3rd exon, 

the exencephaly phenotype at e14.5 and lack of animals at weaning with a Hectd1-/- 
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genotype provided me with evidence that the model was a true Hectd1 knock-out model. 

However, in contrast to previous reports, the expected ratios of Hectd1 genotypes were 

maintained at E14.5 (Table 3.1). Additionally, exencephaly was only observed in 53% 

of Hectd1-/- E14.5 embryos, (Figure 3.1C, representative images 3.1D). Given that the 

penetrance of exencephaly was close to 50% I wondered if it was linked to the sex of 

the animals. Interestingly, when I genotyped all Hectd1-/- E14.5 embryos to determine 

their sex by PCR of the Sly/Xlr genes285. While 18 out of 28 Hectd1-/- females displayed 

exencephaly, only 4 out of 21 Hectd1-/- males showed the phenotype, demonstrating that 

exencephaly was indeed more prevalent in Hectd1-/- female animals (Table 3.2). 

 
 
Figure 3.1 Generation of the Hectd1-/- mouse model
(A) Schematic of all Hectd1 alleles for the generation of the Hectd1 knock-
out mice (B) First 150 amino acids of the predicted translation of Hectd1 
knock-out allele, wt amino acids in green, stop codons in red. (C) 
Percentages of embryos that exhibit exencephaly, scored at embryonic 
day 14.5. (D) Representative images of one E14.5 wt and two E14.5 
Hectd1 knock-out mice, one with and the other without exencephaly. 
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3.3 Impact of loss of Hectd1 on the haematopoietic system of 

mice 

To characterise the effects of the loss of Hectd1 in blood cells without the compounding 

impact of loss of Hectd1 in other tissues, I aimed to generate chimeric mice in which 

Hectd1 is only knocked out in their blood cells. To this end, I set up timed inter-crosses 

of Hectd1+/- mice to generate Hectd1-/- (and wt littermate control) E14.5 embryos and 

isolated their foetal livers - a rich source of HSPCs. Equal numbers of cells from each 

foetal liver was transplanted into 2-3 lethally irradiated C57BL/6-CD45.1 recipient 

mice (Figure 3.2). The Hectd1-/- mutant mice were generated on a C57BL/6-CD45.2 

background; hence the CD45.1/CD45.2 polymorphic markers could be used to 

distinguish between donor (CD45.2+) vs host (CD45.1+) derived cells. The HSPC 

transplanted mice were aged for 8-10 weeks to allow full reconstitution of the 

haematopoietic system by donor HSPCs before harvesting the different organs for cell 

staining with fluorochrome-conjugated antibodies against cell subset specific surface 

markers and FACS analysis to quantify the different cellular subsets that make up the 

haematopoietic organs (bone marrow, thymus, spleen, and blood).  

Table 3.1 Distribution of genotypes from Hectd1 heterozygous 
crosses 

 

 

Table 3.2 Frequency of exencephaly in male and female Hectd1 
knock-out embryos  
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When comparing the reconstituted mice that had received Hectd1-/- HSPCs vs those 

injected with wt donor cells, there were no obvious differences in total cell numbers of 

the bone marrow, thymus or spleen (Figure 3.3A). However, I noticed a reduction in 

reconstitution efficiency in mice reconstituted with Hectd1-/- foetal liver cells 

(Figure 3.3B). This was particularly striking in the bone marrow, but also noted in other 

haematopoietic organs, such as the spleen. Besides this, there were only a few differences 

seen when comparing the different cell subsets of the haematopoietic system between 

mice reconstituted with Hectd1-/- HSPCs compared to those reconstituted with wt 

HSPCs.  

In the bone marrow, there were no differences in pro-B/pre-B (B220loIgM-), immature 

B (B220loIgM+), transitional B (B220midIgMhi) and mature B (B220hiIgMlo) cells, both in 

frequency or total cell number (Figure 3.4A-B). Moreover, there was no difference in 

the frequency or total number of neutrophils (MAC1+GR1+) in the bone marrow 

(Figure 3.4C-D). Similar results were obtained in the thymus with no difference seen in 

the major T cell populations, including the double negative (DN, CD4-CD8-) 

progenitors, immature double positive (DP, CD4+CD8+) thymocytes and mature CD4 

single positive (CD4SP, CD4+CD8-) or CD8 single positive (CD8SP, CD4-CD8+) T 

cells (Figure 3.4E-F). 

Figure 3.2 Schematic of haematopoietic stem cell 
reconstitution experimental strategy 
Timed matings of Hectd1+/- C57BL/6-CD45.2 mice were set up to 
generate E14.5 Hectd1+/+, Hectd1+/- and Hectd1-/- embryos. Foetal livers, 
a rich source of HSPCs, were isolated, single cell suspension made, and 
injected i.v. into 2-3 lethally irradiated C57BL/6-CD45.1 wt recipient 
mice. Reconstituted mice were examined 8-10 weeks post-
transplantation. 
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Figure 3.3 Loss of Hectd1 results in a slight reduction in 
haematopoietic cells in the bone marrow 
(A) Total cell numbers of the indicated lymphoid organs isolated from 
mice reconstituted with Hectd1-/- or wt foetal liver cells. (B) Reconstitution 
efficiency was deduced from CD45.2+ cells in each tissue, as determined 
by immunofluorescent staining and flow cytometry. All animals were 
analysed at 8-10 weeks post-reconstitution. Data are presented as 
mean±SEM; Student’s t-test, *P<0.05, ****P<0.0001. 

 

In the spleen no abnormalities were seen in the neutrophils (Figure 3.5A), IgM+IgD- 

immature B or IgM+IgD+ B mature cell populations (Figure 3.5B-C). At first glance, I 

detected no perturbations in cell number of the peripheral CD4SP and CD8SP T cells 

in the spleen (Figure 3.5D). However, more detailed analysis of the CD4SP T cells 

showed an increase in the percentages and numbers of CD4SP naïve T cells 

(CD4+CD62L+CD44-) and a concomitant decrease in effector memory T cells 

(CD4+CD62L-CD44+) as well as a drop in the frequency but not total numbers of the 

central memory T cells (CD4+CD62L+CD44+) (Figure E-G). Given that the two 

CD44+ CD4SP T cell populations were affected, I decided to examine the thymus to 

see whether the CD44+ and CD44- cell populations were also affected in this tissue. As 

shown in the representative FACS plots in Figure 3.5H, the percentages of cells 

expressing CD44 were significantly reduced in the Hectd1-/- HSPC reconstituted mice 

compared to the control animals (Figure 3.5I). However, the total cell numbers of 

CD44+ thymocytes were not significantly changed (Figure 3.5J).

Additionally, I looked at regulatory T cells (Tregs, CD4+FOXP3+). While the total 

numbers of these cells were normal in the thymus (Figure 3.6A), there was a reduction 

of Tregs among the CD4SP cells in the spleen (Figure 3.6B-C) and a significant 

reduction in Ki67+ cells in this population (Figure 3.6D-E). This indicates that 
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Hectd1-/- Treg cells are proliferating less in comparison to their wt counterparts. Treg 

cells suppress the proliferation of conventional T cells after they have been stimulated 

with antigens or mitogens. To test, whether Hectd1 deficiency in Treg cells had any 

functional significance, I performed an in vitro conventional CD4SP T cell suppression 

assay. To this end, I sorted conventional wt CD4SP cells and monitored their rate of 

proliferation after stimulation with anti-CD3 antibody using CTV dilution and FACS 

analysis over time in the presence of different numbers of wt or HECTD1-deficient 

Treg cells. Of note, the suppressive capacities of the Hectd1-/- and wt Treg cells were 

comparable in this assay. This reveals that the loss of Hectd1 does not cause a functional 

impairment of Treg cells (Figure 3.6F-G). 

These findings demonstrate that HECTD1 is not absolutely essential for successful 

reconstitution of mice, and that loss of HECTD1 in the haematopoietic system only 

causes minor changes that are restricted to certain T cell populations. In particular, the 

naïve CD4SP T cells were increased, while the CD4SP effector cells were decreased 

indicating defects in T cell activation. However, the identification of effector T cells is 

accompanied by an increase in the levels of CD44, which is also reduced on thymocytes 

in the absence of HECTD1. Therefore, the apparent reduction in CD4SP effector 

T cells may simply be explained by a failure to upregulate CD44 in the absence of 

HECTD1. This would suggest a direct regulation of this cell surface marker by 

HECTD1. Additionally, the frequency and proliferative capacity of the peripheral Treg 

cell population was reduced in the absence of HECTD1. However, this did not affect 

total Treg cell numbers or function, the latter shown by conventional CD4SP T cell 

suppression assays in vitro. While these changes were interesting, they did not impart 

significant physiological consequences, as the animals with a HECTD1-deficient 

haematopoietic system appeared healthy at 8 weeks post-reconstitution. However, the 

reconstitution efficiency of Hectd1-deleted HSPCs seemed to be reduced as the 

reconstitution efficiency of Hectd1-/- cells was lower than seen for their wt counterparts. 

To explore this observation in more detail, I next conducted competitive reconstitution 

experiments with the aim to reveal more subtle defects conferred by the loss of 

HECTD1 in any haematopoietic cell types. 
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Figure 3.4 Loss of Hectd1 does not cause marked defects in 
thymocytes and bone marrow derived B cells and neutrophils 
Single-cell suspensions were prepared from the bone marrow and 
thymus of mice that had been reconstituted with either wt or Hectd1-/- 
foetal liver cells, 8-10 weeks post-transplantation. (A) Representative 
FACS plots and (B) total cell numbers (per femur) of B lymphoid cell 
subsets in the bone marrow, defined as; pro-B/pre-B (B220loIgM-), 
immature B (B220loIgMmid), transitional B (B220lo-hiIgMhi), and mature 
B (B220hiIgMmid) cells. (C) Representative FACS plot and (D) total cell 
number (per femur) of neutrophils (MAC1+GR1+). (E) Representative 
FACS plots and (F) total cell number of developing T cells in the thymus. 
Defined as; Immature double-negative (DN, CD4-CD8-), double-
positive (DP, CD4+CD8+) thymocytes and the mature CD4 and CD8 
single positive (SP) T cells. Data are presented as mean±SEM; Student’s 
t-test.
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Figure 3.5 The loss of Hectd1 causes only minor defects in 
certain T cell populations 

Single-cell suspensions were prepared from the thymus and spleen of 
mice that had been reconstituted with either wt or Hectd1-/- foetal liver 
cells, 8-10 weeks post-transplantation. (A) Total numbers of neutrophils 
(MAC1+GR1+) in the spleen. (B) Representative FACS plot and (C) total 
numbers of immature B (B220+IgM+IgD-) and mature B cells 
(B220+IgM+IgD+) cells in the spleen. (D) Total numbers of CD4 and 
CD8SP T cells in the spleen. (E) Representative FACS plot, (F) 
percentages and (G) total numbers of CD4SP naïve (CD4+CD62l+CD44-

), central memory (CD4+CD62l+CD44+) and effector memory 
(CD4+CD62l-CD44+) T cells in the spleen. (H) Representative FACS 
histograms, (I) percentages and (J) total numbers of CD44 expressing cells 
amongst the CD4SP and CD8SP T cell compartments in the thymus. 
Data are presented as mean±SEM; Student’s t-test, *P<0.05, 
***P<0.001, ****P<0.0001.  
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Figure 3.6 Loss of Hectd1 causes a minor reduction in T 
regulatory cells 

(A-E) Single-cell suspensions were prepared from the spleen of mice that 
had been reconstituted with either wt or Hectd1-/- foetal liver cells, 8-10 
weeks post-transplantation. (A) Total cell number and (B) percent of 
CD4SP Tregs (CD4+FOXP3+) in the spleen. (C) Representative FACS 
plot of Treg cells in the spleen. (D) Percentages of Ki67+ Treg cells in the 
spleen. (E) Representative FACS histogram of Ki-67 staining in Treg 
cells. (F-G) Wt conventional CD4SP T cells (Tcons) were stained with 
CTV, stimulated with anti-CD3 antibody and co-cultured for 72 h with 
diluting numbers of either wt or Hectd1-/- Treg cells as indicated, in 
triplicate. The CD4SP conventional T cells were then analysed by FACS 
to determine the percentages of divided and undivided cells using the 
undiluted CTV signal, representative FACS histograms shown in (F), and 
quantified in (G). Data are presented as mean±SEM; Student’s t-test, 
****P<0.0001.
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3.4 Competitive haematopoietic reconstitution experiment  

To further interrogate the role of HECTD1 in haematopoietic cells, I generated mixed 

HSPC reconstituted chimeric mice. For this, C57BL/6-CD45.1+Ly.2+ recipient mice 

were reconstituted with equal numbers of C57BL/6-CD45.1+ wt foetal liver cells 

(competitors) and either wt (control) or Hectd1-/- (experimental) C57BL/6-CD45.2+ 

foetal liver cells (Figure 3.7). The different compositions of the CD45.1 congenic 

markers in the different mice allowed me to distinguish between the experimental, 

control and competitor cells, as well as any remaining endogenous host cells in the 

reconstituted mice. The competition assay is designed to reveal previously unrecognised 

functions of HECTD1 in the haematopoietic cells, as even relatively slight alterations 

in specific cell populations would lead to the outgrowth of the “fitter” cells, which could 

be either the HECTD1-deficient or the control (wt) population. At 12 weeks after 

transplantation, blood was taken from the reconstituted mice to assess the contribution 

of CD45.2+ cells by cell surface immuno-staining and FACS analysis. Surprisingly, 

Hectd1-/- CD45.2+ cells made very little contribution to the B cell (B220+), T cell 

(TCRβ+) and neutrophil (MAC1+GR1+) compartments compared to the wt competitor 

cells (Figure 3.8A-B).  

Figure 3.7 Schematic of competitive haematopoietic 
reconstitution experiments 
Timed matings of Hectd1+/- CD45.2 mice were set up to generate E14.5 
Hectd1+/+ and Hectd1-/- offspring. Additionally, C57BL/6 CD45.1 E14.5 
offspring were generated. Foetal livers from Hectd1+/+ and Hectd1-/- were 
isolated, and single cell suspensions mixed in a 1:1 ratio with wt CD45.1+ 
foetal liver cells and injected i.v. into 3-4 lethally irradiated wt 
CD45.1/CD45.2 recipient mice. These mice were examined 12 weeks 
post-reconstitution. 
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Figure 3.8 Hectd1-/- haematopoietic cells are rapidly out-
competed by wild-type cells in vivo.  
Single-cell suspensions were prepared from bone marrow, thymus and 
spleen from competitive reconstituted mice, 12 weeks post-
transplantation. (A) Example gating of CD45.1 and CD45.2 
contribution; B cells (B220+) in the blood of recipient mice. (B-E) 
Percent contribution of transplanted wt or Hectd1-/- (CD45.2) foetal 
liver cells in different cell types of different lymphoid organs as 
indicated. Myeloid cells defined as; Neutrophils (MAC1+GR1+), 
macrophages/monocytes (MAC1+GR1-). B lymphocytes defined as; B 
(B220+), Pro B/pre B (B220loIgM-), immature B (B220loIgMmid), 
transitional B (B220lo-hiIgMhi), and mature B (B220hiIgMmid) cells. T 
lymphocytes defined as T cells (TCRb+), immature double-negative 
(DN, CD4-CD8-), double-positive (DP, CD4+CD8+) thymocytes, 
mature CD4 and CD8 single positive (SP) T cells and Tregs 
(CD4+FOXP3+). Dotted line represents expected CD45.2+ value. Data 
are presented as mean±SEM. Each data point is an average of 3-4 
recipient mice from a single foetal liver.

 ` 

I then harvested these mixed HSPC reconstituted mice to analyse their haematopoietic 

organs. Flow cytometric analysis revealed that the Hectd1-/- cells were out-competed in 

all haematopoietic cell subsets that I had interrogated. In the bone marrow, this 

included developing B cells, as well as the macrophage/monocyte and neutrophil 

populations (Figure 3.8C). Similarly, in the thymus this was also true for the DN 

progenitors and the immature DP thymocytes, as well as the mature CD4SP, CD8SP 

and Treg cells (Figure 3.8D). In the periphery, all mature cell subtypes; B cells (B220+), 

CD4SP and CD8SP T cells, neutrophils (MAC1+GR1+) and macrophages/monocytes 
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(MAC1+GR1-), were greatly out-competed when HECTD1 was absent (Figure 3.8E). 

Some host derived T cell subsets showed higher resistance to irradiation, which explains 

the reduced (below 50%) CD45.2+ T cell frequencies and numbers in the control mice 

(Figures 3.8A, C-E). Excitingly, however, Hectd1-/- cells are clearly vastly out-competed 

in every haematopoietic tissue analysed. This suggests that HECTD1 has a pivotal 

function in the HSPC compartment, which gives rise to all the mature haematopoietic 

cell types. Hence, a more detailed analysis of the role of HECTD1 in HSPCs was 

performed and will be described and discussed in Chapter 4 of this thesis.  

3.5 Discussion 

In this chapter I present the first description of the impact of the loss of HECTD1 on 

haematopoietic cells in adult mice. Hectd1 knock-out mice were generated on a 

C57BL/6 background and I made use of the well-established technique of 

haematopoietic reconstitution to identify cells in lymphoid tussues in which HECTD1 

plays a critical role. The data from these investigations revealed that HECTD1 loss on 

a C57BL/6 background led to exencephaly and embryonic lethality, with reduced 

penetrance of exencephaly compared to previously published models of HECTD1 

deficiency. Additionally, HECTD1 loss caused some small changes to the T cell 

populations. Strikingly, HECTD1-deficient haematopoietic cells were extensively 

out-competed when transplanted into lethally irradiated mice as a 1:1 mixture with wt 

competitor cells. This suggests a critical function for HETCD1 in the HSPC 

compartment. 

3.5.1 The C57BL/6 Hectd1 knock-out mouse model  

In our hands, the complete absence of HECTD1 is lethal with no Hectd1-/- mice 

observed at weaning. However, unlike previously published, our Hectd1-/- embryos 

developed for longer with the expected Mendelian ratios of the different genotypes 

maintained at E14.5. Additionally, the penetrance of exencephaly was reduced in our 

strain at E14.5, with 53% compared to 100% previously reported157. Interestingly, I 

observed that exencephaly was more prevalent in female embryos. Our 

HECTD1-deficient mice are maintained on a pure C57BL/6 background, whereas the 
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previously published Hectd1 mutant mice were on a C3H/HeJ or on a mixed genetic 

background. Thus, the discrepancies in the incidence of exencephaly between my 

studies and the previously reported investigations could be due to the difference in 

genetic background on which the mice were kept. A similar impact of genetic 

background on the incidence of exencephaly has previously also been observed in Trp53 

knock-out mice160, and the increased penetrance of exencephaly in female mice is a 

feature that is common to several gene knock-out mouse strains286, and follows a similar 

trend in humans287. While these findings are interesting, I have yet to follow up on these 

discoveries. In our model we know that the Hectd1-/- embryos are lost between E14.5 

and weaning (3 weeks old), but when exactly their death occurs and the exact cause of 

death remain unknown. It was previously shown that the placental interface between 

Hectd1-/- pups and their mothers is abnormal, and this may contribute to embryonic 

lethality161,162. However, the function of HECTD1 at the embryo-placenta interface has 

not yet been elucidated. Of note, since placental defects result in the death of embryos 

prior to E14 (our Hectd1-/- embryos are still alive at E14), it is possible that in our model 

the loss of Hectd1-/-embryos is due to another process that is regulated by HECTD1. 

Further experimentation is required to unravel the defects in embryogenesis that are 

caused by the absence of HECTD1. 

3.5.2 Haematopoietic loss of Hectd1 affects some T cell populations 

My haematopoietic reconstitution studies revealed that loss of Hectd1 results in 

perturbations in a subset of CD4SP T cells in the periphery. In particular, I observed 

an increase in the naïve CD4SP T cells and a concomitant decrease in effector and 

central memory CD4SP T cells, both of which express CD44. It also appears that CD44 

expression is reduced in HECTD1-deficient thymocytes. This may suggest that 

HECTD1 plays a role in the regulation of CD44 expression. However, I have no further 

data yet to address a potential direct regulation of CD44 by HECTD1. More 

experiments are required to address this issue. It is important to note that CD44 is 

involved in the regulation of cell adhesion and cancer metastasis288. Interestingly, 

HECTD1 has been implicated in these processes (Section 1.2.4-5). While the CD44 

reduction on the surface of T lymphoid cells in HECTD1-deficient animals is certainly 

interesting, the changes observed were relatively small. Importantly, this did not cause 
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any substantial abnormalities in the reconstituted mice, at least up to 12 weeks 

post-transplantation and under non-stressed conditions (e.g. no deliberate infection). 

Hence, I did not follow up on this observation. In the future it may be interesting to 

make use of the conditional Hectd1fl/fl mice (generated in the making of the knock-out 

mice, Figure 3.1A) and cross them to a T cell specific Cre recombinase mouse strain 

(e.g. LCK-Cre289) to generate mice with Hectd1 loss solely in T cells. Additionally, if 

CD44 expression is indeed regulated by HECTD1, and cell migration is affected by the 

loss of HECTD1, analyzing the precise localisation of these cells in different lymphoid 

tissues would be of interest. Information on tissue localization is not available in the data 

I generated, as I made single-cell suspensions of tissues for flow cytometric analysis. 

Perhaps a better approach would be to examine the peripheral lymphoid organs by 

immuno-histochemical staining of tissue sections and microscopic examination. 

Additionally, the migration of HECTD1-deficient T lymphoid subsets could be assessed 

by live animal imaging. 

I also observed a reduction in the percentages of CD4+FOXP3+ Treg cells in the 

thymus and spleen, and these cells exhibited reduced cell cycling compared to their wt 

counterparts, as determined by KI67 staining. However, testing the function of 

HECTD1-deficient Treg cells in in vitro suppression assays with conventional CD4SP T 

cell did not reveal any defects. FOXP3 is a key transcription factor in Treg cells, and 

has interestingly been shown to have a role as a tumour suppressor in breast cancer cell 

lines by down-regulation of CD44290. It may be an interesting idea that CD44 

expression is reduced in HECTD1-deficient Treg cells, leading to a defect in the 

migration of these cells and hence reduced numbers in the spleen. Unfortunately, I did 

not analyse CD44 expression on Treg cells by flow cytometry, but this is certainly 

something I plan to do in the future.  

3.5.3 HECTD1 is essential for haematopoietic stem cell function 

The most striking abnormalities became apparent in the competitive haematopoietic 

reconstitution experiments where I found that Hectd1-/- haematopoietic cells of all 

lineages were almost completely out-competed by wt competitor cells. In these 

experiments fewer than 10% of lymphoid and myeloid cells in all haemtaopoietic tissues 
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were of Hectd1-/- HSPC origin 12 weeks post-transplantation. This finding suggests that 

loss of HECTD1 has a deleterious impact on haematopoietic stem and/or progenitor 

cells - a cell type I had not considered up until this point. I found this the most exciting 

result and decided to investigate this further. The results from these follow-up studies 

are presented in the next chapter.  
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Chapter 4 Elucidating the role of HECTD1 in 

murine haematopoietic stem and 

progenitor cells 
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4.1 Introduction 

In the previous chapter I determined a role for HECTD1 in the haematopoietic system 

of mice. Strikingly, I observed that HSPCs derived from Hectd1-/- foetal liver, when 

transplanted alongside wt competitor cells, were outcompeted in all haematopoietic 

mature cell subsets in all lymphoid organs and peripheral blood of the recipient animals. 

These findings led me to hypothesise that HECTD1 plays an important role in the 

function of HSCs and/or early progenitor cells. However, the exact cell type(s) 

responsible and the extent of the defect remained unknown. As discussed in Chapter 1, 

all blood cells are derived from HSCs, which possess typical stem cell properties. For 

example, HSCs are normally quiescent, and when they do divide, they undergo 

self-renewal as well as give rise to more highly proliferative progenitor cells through 

asymmetric cell division24. Subsequent divisions of the progenitor cells and 

differentiation events give rise to the many different mature cell types of the 

haematopoietic system (Figure 1.2). In this chapter I will outline my efforts to 

characterise and follow the fate of Hectd1-/- HSPCs in vivo post-transplantation. 

4.2 Competitive reconstitution experiment focusing on the 
stem and progenitor compartment 

To test the hypothesis that HSCs or other early progenitors (e.g MPPs) were impeded 

as a consequence of the loss of HECTD1, I set up a competitive haematopoietic 

reconstitution experiment, as done previously (Figure 3.7). In this earlier experiment I 

evaluated recipient mice 12 weeks post-transplantation. At this time point, transient 

multilineage reconstitution could be achieved by multipotent progenitors; therefore, in 

repeating this experiment I aged the recipient mice for 20-24 weeks post-

transplantation. At this time-point the LT- HSCs have fully engrafted in their host and 

all differentiated haematopoietic cell subsets are derived from the stem cell pool as 

opposed to transplanted MPPs291. To determine the contribution of the 

HECTD1-deficient cells to the different haematopoietic lineages, I harvested bone 

marrow from the transplanted recipient mice and analysed the frequency of donor 

CD45.2+ ‘test’ cells in these populations by flow cytometry. Each CD45.2+ foetal liver 

(Hectd1-/- or wt control) was mixed in a 1:1 ratio with wt CD45.1+ competitor foetal 

liver cells, and transplanted into 4 CD45.1+/CD45.2+ recipient mice. Each recipient 
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mouse was analysed separately and values from each of the four mice transplanted with 

the same foetal liver were averaged to give a single data point.  

HSCs and MPPs are components of the LSK (Lin-SCA-1+cKIT+) cell compartment 

(Figure 4.1A). As predicted, Hectd1-/- LSK cells were outcompeted by wt competitor 

LSK cells (Figure 4.1B), suggesting that the absence of HECTD1 affects a cell type 

within that population. In order to define the exact cell type affected by the absence of 

Hectd1, further breakdown of the LSK population using the SLAM markers20 was 

performed and this allowed resolution of HSCs (includes LT- and ST-HSCs), transient 

repopulating MPPs and the more restricted haematopoietic progenitor cells 1 and 2 

(HPC-1/HPC-2, Figure 4.1A). Definitions of each cell type by cell surface markers are 

listed in Appendix 1. Hectd1-/- HSCs and MPPs were both outcompeted by wt cells with 

less than 15% Hectd1-/- cells remaining (Figure 4.1A, C). The loss of Hectd1-/- cells was 

even more pronounced in the HPC-1 and HPC-2 populations with less than 3% of 

HECTD1-deficient CD45.2+ cells remaining at this time point (Figure 4.1C). 

In light of these results, I expected the subsequent derived progenitor populations to 

also be outcompeted, as they are further down the differentiation tree (Figure 1.2). 

Gating on the progenitor population (cKIT+Sca1-), I used CD16/32 and CD34 to 

identify the GMP, CMP and megakaryocyte-erythrocyte progenitors (MEP)292 

(Figure 4.2A). As expected, Hectd1-/- CD45.2+ cells contributed very little to these cell 

populations (Figure 4.2A-B). Collectively, these data suggest that HECTD1 plays an 

important role in the function of HSCs. 
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Figure 4.1 Hectd1-/- HSCs are outcompeted by their wt 
counterparts in reconstituted animals 
Single cell suspensions were prepared from the bone marrow isolated 
from competitively reconstituted mice, 20-24 weeks post-transplantation. 
(A) Schematic of the gating strategy used to identify the LSK population 
(Lineage-SCA-1+cKit+), which was further discriminated into HSCs 
(CD48-CD150+), MPPs (CD48-CD150-), HPC-1 (CD48+CD150-) and 
HPC-2 (CD48+CD150+) populations. Example of gating of CD45.1 and 
CD45.2 contribution also shown. (B-C) Percent contribution of 
transplanted wt or Hectd1-/- (CD45.2) foetal liver cells in different cell 
types of the bone marrow as indicated. Data represent mean±SEM. Each 
data point is an average of 3-4 recipient mice from a single foetal liver. 
Dotted line represents expected frequency of CD45.2+ cells. 
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Figure 4.2 Hectd1-/- haematopoietic progenitor cells are 
outcompeted by their wt counterparts during competitive 
reconstitution 
Single cell suspensions were prepared from bone marrow isolated from 
competitively reconstituted mice, 20-24 weeks post-reconstitution. (A) 
Schematic of the gating strategy used to identify the progenitor cell 
containing population (Lineage-SCA-1-cKit+), which was further 
discriminated into GMPs (CD16/32hiCD34mid-hi), CMPs 
(CD16/32midCD34mid-hi), and MEPs (CD16/32-CD34-). Example for 
gating of CD45.1 and CD45.2 contribution also shown (B) Percent 
contribution of transplanted wt or Hectd1-/- (CD45.2) foetal liver cells in 
different cell types of the bone marrow as indicated. Data represent 
mean±SEM. Each data point is an average of 3-4 recipient mice from a 
single foetal liver. Dotted line represents expected frequency of 
CD45.2+ cells. 

 

4.3 Cellular composition of foetal livers in E14.5 Hectd1-/- 
embryos 

I next wanted to characterise the HSPC populations in foetal livers from E14.5 stage 

Hectd1-/- embryos. For all experiments presented thus far, foetal liver cells were counted 

such that the same numbers of total foetal liver cells were transplanted into each 

recipient animal. However, I wanted to know whether HETCD1 loss affected HSPCs 

at the foetal liver stage of blood cell development. In preparing cells for transplantation, 

I noticed that the Hectd1-/- foetal livers often had fewer cells overall. This raises the 

possibility that the Hectd1-/- foetal livers had fewer HSCs and/or progenitor cells to 

begin with, which could explain their lack of contribution to the adult haematopoietic 
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system of the recipient animals in the competitive setting. To test this possibility, I set 

up timed intercrosses of Hectd1+/- heterozygous mice to generate HECTD1-deficient 

E14.5 embryos. Embryos were first phenotyped for exencephaly, and then genotyped 

for Hectd1 (with and without exencephaly). Foetal liver cells were harvested from 

Hectd1-/- and control wt littermates and immuno-stained to quantify the HSPC subsets 

by flow cytometry as shown by the gating strategy in Figure 4.3. As the exencephaly 

phenotype of Hectd1-/- embryos is not fully penetrant (Table 3.2), I first tested whether 

there were any differences between foetal livers from Hectd1-/- embryos with 

exencephaly (n=5) compared to those taken from Hectd1-/- embryos without 

exencephaly (n=4). However, no statistically significant differences were observed in 

any of the HSPC populations examined (Appendix II). From this I concluded that the 

presence of exencephaly did not correlate with any differences to the cellular 

composition of the foetal livers from Hectd1-/- embryos. Therefore, I decided to pool the 

Hectd1-/- foetal liver data as a single group in my results presented below. 

As predicted, there was a decrease in the overall numbers of foetal liver cells in the 

Hectd1-/- embryos compared to the wt embryos (Figure 4.4A). Interestingly, there were 

no differences in the percentages or total numbers in the LSK population between the 

E14.5 Hectd1-/- embryos and the wt embryos (Figure 4.4B-C). However, further analysis 

of the LSK compartment revealed some perturbations, with a significant reduction in 

the total numbers of HSCs, MPP, and HPC-2 populations present in the Hectd1-/- 

embryos. However, the numbers of HPC-1 cells remained unchanged between the 

foetal livers from the Hectd1 knock-out vs the wt embryos (Figure 4.4D). Importantly, 

the relative proportions of the HSC, MPP, HPC-1 and -2 populations were comparable 

between the foetal livers from the Hectd1-/- and wt embryos (Figure 4.4E). This also 

holds true for the progenitor populations, as CMP, MEP, MkP, Pre-CFU-E and CFU-E 

populations were all significantly reduced in their numbers in the foetal livers from the 

Hectd1-/- embryos (Figure 4.5A-D) although there were no significant differences in their 

percentages (Figures 4.5E-H). While there was a trend towards a reduction in total 

numbers, there was no significant difference between the CLP and pre-MegE 

populations  between  the  foetal  livers  from  the  Hectd1-/- embryos  compared  to  

those 
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Figure 4.3 Gating strategy to define HSPC populations in foetal 
liver and bone marrow by flow cytometry
Gating strategy used to identify the different HSPCs of the foetal liver (wt 
E14.5 foetal liver shown) and adult bone marrow. Single cell suspensions 
were prepared from foetal liver or bone marrow, immuno-stained for the 
above markers and analysed by flow cytometry. Live cells were defined as 
F-Gold (fluorogold) negative and mature erythrocytes were excluded by 
size in the same gate. Lineage negative cells (Lin-) excluded mature cells 
expressing mature cell markers (E.g. B220, TCRb, NK1.1, CD4, CD8, 
Ter119, etc.). For detailed definitions of cell types by cell-surface markers 
refer to Appendix I. 

 

from wt embryos (Figures 4.5I-L). Interestingly, in the foetal livers from the Hectd1-/- 

embryos the percentages as well as the total numbers of the Pre-GM population were 

increased with a subsequent decrease in the GMP population (Figures 4.5M-N). Given 

that the total number of CMPs (that give rise to these cells) was reduced in foetal livers 

from the Hectd1 deficient embryos, this suggests that these cells are accumulating at the 

Pre-GM stage, and that HECTD1 additionally plays a role in the transition from the 

Pre-GM to the GMP state. 
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In summary, while the total numbers of foetal liver cells is lower in Hectd1-/- embryos 

compared to the foetal livers from the wt embryos, the overall proportions of HSCs and 

most progenitor populations are comparable. Since the same number of foetal liver cells 

were used from Hectd1-/- and wt embryos in all reconstitution experiments, we can 

conclude that the same number of HSCs had been transplanted. Thus, the differences 

observed in the above described experiments are not due to recipients having been 

injected with fewer foetal liver derived HSCs from Hectd1-/- embryos. 

 

 
 
 
Figure 4.4 HSPC composition of the foetal liver of E14.5 
Hectd1-/- embryos 
Single cell suspensions were prepared from foetal liver cells isolated from 
Hectd1-/- and wt littermate E14.5 embryos, immuno-stained for cell surface 
markers and analysed by flow cytometry. (A) Total numbers of foetal liver 
cells. (B-E) Total numbers and percentages of the different cell types as 
indicated. Data represent mean±SEM; paired Student’s t-test, **P<0.01, 
***P<0.001, ****P<0.0001. 
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Figure 4.5 Composition of progenitor cell populations of foetal 
livers of E14.5 Hectd1-/- E14.5 embryos 
Single cell suspensions were prepared from foetal liver cells isolated from 
Hectd1-/- and wt littermate E14.5 embryos, immuno-stained for cell surface 
markers and analysed by flow cytometry. (A-N) Total numbers and 
percentages of the different cell types as indicated (refer to figure 4.3 for 
definitions). Data represent mean±SEM; paired Student’s t-test, *P<0.05, 
**P<0.01, ***P<0.001, ****P<0.0001. 
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4.4 Evaluating the reconstitution capacity of HECTD1 

deficient LT-HSCs in adult mice  

Next, I wanted to characterise the long-term reconstitution capacity of Hectd1-/- HSPCs 

in adult recipient mice. As shown in the data presented in Chapter 3, Hectd1-/- E14.5 

foetal liver cells could successfully reconstitute lethally irradiated recipient mice. All the 

different mature haematopoietic lineages tested were present in the reconstituted 

animals, albeit with more contribution from remaining host (CD45.1+) derived cells in 

comparison to control mice that had been reconstituted with wt donor cells 

(Figures 3.4-5). However, the reconstituted mice in these experiments were analysed at 

8-10 weeks post-transplantation. As noted earlier, this was most likely not sufficient time 

to assess the LT-HSC reconstitution potential, as the transplanted progenitor cells can 

still generate mature haematopoietic cell types. Therefore, I generated chimaeric mice 

containing both Hectd1-/- as well as wt haematopoietic cells by transplanting equal 

numbers of cells derived from one foetal liver of a Hectd1-/- embryo and a wt embryo 

into 3 lethally irradiated primary recipient animals (Figure 4.6). To characterise the 

stem cell compartment and to test whether the Hectd1-/- LT-HSCs were able to 

contribute to all of the major lineages of the haematopoietic system, I harvested the 

lymphoid organs for immuno-staining and FACS analysis 20-24 weeks 

post-transplantation. In addition, at the time of harvest, bone marrow cells from 3 

primary recipient mice that had received foetal liver cells from only a Hectd1-/- embryo 

or a wt embryo were re-transplanted into 3 new lethally irradiated recipient mice. These 

secondary recipients were also aged for 20-24 weeks before I harvested their lymphoid 

organs for FACS analysis (Figure 4.6). While the proportions of the HSPCs are 

generally different in the bone marrow (steady state haematopoiesis) compared to foetal 

liver (high proliferation during embryonic development), the same cell surface markers 

and gating strategies can be utilised to define the different progenitor cell populations 

used in the two different organs (Figure 4.3).  

  



 

 

 

84 

 

4.4.1 Analysis of the HSPC populations of primary recipient mice 

In the primary mice that had been singly reconstituted with foetal liver cells from only 

Hectd1-/- or wt embryos, I observed no differences in the total numbers of bone marrow 

cells 20 – 24 weeks post-transplantation (Figure 4.7A). However, similar to my previous 

experiments (Chapter 3), a slight reduction in Hectd1-/- CD45.2+ cells contributions 

were observed in the bone marrow of the reconstituted mice with an increase in host 

derived cells that had survived the irradiation. In contrast to the analysis of HSCs in 

foetal livers from the Hectd1-/- embryos, there were almost no differences in any of the 

HSPC populations comparing bone marrow from recipients that had been transplanted 

with Hectd1-/- foetal liver cells compared to those transplanted with wt foetal liver cells 

(Figure 4.7C-I). While mice reconstituted with Hectd1-/- cells showed a trend towards 

fewer HPC-1 cells in the bone marrow, this was not statistically significant (p=0.14, 

 
Figure 4.6 Schematic of primary and secondary reconstitution 
experiments 
Timed matings of Hectd1+/-;CD45.2 mice were set up to generate E14.5 
Hectd1+/+ and Hectd1-/- embryos. Single cell suspensions were prepared 
from one Hectd1+/+ or one Hectd1-/- embryo, counted and injected i.v. into 
the tail vein of 3 lethally irradiated wt CD45.1 mice (primary recipients). 
At 20-24 weeks post-transplantation, bone marrow from these primary 
recipient mice was harvested and the composition of HSPCs analysed by 
immuno-staining and flow cytometry. Additionally, bone marrow from 
mice that received cells from the same foetal liver were pooled, counted 
and injected i.v. into 3 lethally irradiated wt CD45.1 mice (secondary 
recipients). 20-24 weeks later, bone marrow from these secondary recipient 
mice was harvested and the composition of HSPCs by immuno-staining 
and flow cytometry. 
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Figure 4.7C). However, I observed a significant reduction in the Pre-MegE population 

in the bone marrow of mice reconstituted with Hectd1-/- foetal liver cells compared to 

control recipients that had been transplanted with wt foetal liver cells (Figure 4.6G), but 

this did not lead to any alterations in the more differentiated cell populations in the 

erythroid lineage (e.g. Pre-CFU-E or MEP). In summary, these data reveal that mice 

reconstituted with Hectd1-/- foetal liver cells did not display any major defects in their 

haematopoietic cell populations in long-term reconstitution assays.  

 
Figure 4.7 Characterisation of the HSPCs of primary recipient 
mice 
Single-cell suspensions were prepared from bone marrow from primary 
reconstituted mice 20-24 weeks post-transplantation and immuno-stained 
for cell surface markers and analysed by flow cytometry. (A) Total numbers 
of bone marrow cells per femur. (B-I) Total numbers and percentages of 
the different cell types in the bone marrow as indicated (refer to Figure 4.3 
for definitions). Data represent mean±SEM; Student’s t-test *P<0.05.
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4.4.2 Determining the long-term reconstitution capacity of Hectd1-/- 

LT-HSCs 

I next wanted to investigate whether HECTD1 deficient HSCs could contribute to all 

the mature lineages of the haematopoietic system. Therefore, I harvested the lymphoid 

organs (bone marrow, thymus, spleen, peripheral blood) from primary recipient mice 

at 22 weeks post-reconstitution, and quantified the different mature cell types by 

immuno-staining of cell surface markers and flow cytometry. There were no differences 

in the cellularity between the Hectd1-/- vs the wt foetal liver cell reconstituted mice 

(Figure 4.8A), with only a minor reduction in CD45.2+ cells in the bone marrow of 

Hectd1-/- reconstituted mice, as previously observed (Figure 4.8B). In the bone marrow, 

the numbers of the developing B cell populations appeared normal, as did the numbers 

of neutrophils (Figure 4.8C-D). Previous analysis of mice reconstituted with Hectd1-/- 

foetal liver cells at 8-10 weeks post-transplantation revealed a reduction in the 

percentages of CD4SP and CD8SP thymocytes that expressed CD44. The reduction in 

CD44 on CD4SP and CD8SP thymocytes was even more pronounced at 20-24 weeks 

post-transplantation (Figures 4.8E-H). CD44 is expressed on the triple negative stage 

(TN) 1 (CD3-CD4-CD8-CD44+CD25-) and TN2 (CD3-CD4-CD8-CD44+CD25+) 

progenitor cell populations in the thymus293. Hence, I predicted that CD44 expressing 

cell populations may also be reduced. Therefore, I additionally examined the TN 

progenitors in the thymus, and this revealed a minor reduction in the total numbers of 

TN1 and TN2 cells in recipients that had been reconstituted with Hectd1-/- foetal liver 

cells compared to recipients that had been reconstituted with wt foetal liver cells (Figure 

4.8I). However, this was not statistically significant (p=0.058 and 0.051 respectively). 

There were no differences in the TN3 (CD3-CD4-CD8-CD44-CD25+) or TN4 (CD3-

CD4-CD8-CD44-CD25-) cells between mice reconstituted with Hectd1-/- foetal liver cells 

compared to their controls (Figure 4.8I) and there were also no notable differences in 

the DP and CD4SP thymocytes. Interestingly, however, there was a marked increase in 

the CD8SP population in the thymi of recipients that had been reconstituted with 

Hectd1-/- foetal liver cells compared to those from recipients that had been reconstituted 

with wt foetal liver cells (Figure 4.8J).  
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Figure 4.8 Hectd1-/- LT-HSCs can contribute to the mature 
lineages in the bone marrow and thymus 

Single-cell suspensions were prepared from bone marrow and thymus from 
primary reconstituted mice 20-24 weeks post-reconstitution. Cells were 
subjected to immuno-staining to identify expression of cell surface markers 
and analysed by flow cytometry. (A-J) Total numbers and percentages of 
the different cell types as indicated. Neutrophils (MAC1+GR1+), B 
lymphocytes defined as; pro B/pre-B (B220loIgM-), immature B 
(B220loIgMmid), transitional B (B220lo-hiIgMhi), and mature B 
(B220hiIgMmid) cells. T lymphocytes defined as T cells (TCRb+), immature 
triple negative (TN)-1 (CD3-CD4-CD8-CD44+CD25-), TN2 (CD3-CD4-

CD8-CD44+CD25+), TN3 (CD3-CD4-CD8-CD44-CD25+), TN4 (CD3-

CD4-CD8-CD44-CD25-), double-positive (DP, CD4+CD8+) thymocytes, 
mature CD4 and CD8 single positive (SP) T cells. Data are mean±SEM. 
Each data point is an average of 2-3 recipient mice from a single foetal 
liver. Data represent mean±SEM; Student’s t-test, *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. 
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Similar to the thymus, CD4SP and CD8SP cells were increased in the spleen of mice 

that had been reconstituted with Hectd1-/- foetal liver cells compared to those that had 

been reconstituted with wt foetal liver cells (Figure 4.9A). Furthermore, the proportions 

of naïve CD4SP cells were increased while the proportions of the effector/central 

memory CD4SP cells were decreased (Figure 4.9B). This was already observed at 8-10 

weeks post-transplantation (Figure 3.5). However, quantifying the total numbers of the 

cell subsets within the CD4SP population revealed that these changes were due to an 

increase in the naïve CD4SP cells, as opposed to a reduction of effector memory or 

central memory CD4SP cells that express CD44 (Figure 4.9C). B cell numbers in the 

spleens of mice that had been reconstituted with Hectd1-/- foetal liver cells were 

comparable to those in control mice that had been reconstituted with wt foetal liver cells 

(Figure 4.9D). Moreover, there were no significant differences in neutrophil numbers 

between the two groups of mice, although there was a trend towards fewer neutrophils 

in the recipients that had been reconstituted with Hectd1-/- foetal liver cells (Figure 4.9F). 

Finally, in the peripheral blood there were no differences in the proportions of B cells 

or neutrophils but I did observe an increase in CD4SP and CD8SP T cells, which is 

consistent with the data from the spleen. 

In conclusion, lethally irradiated mice that had been transplanted with foetal liver cells 

from E14.5 Hectd1-/- embryos presented with a largely normal haematopoietic system 

at 22 weeks post-reconstitution. These results show that the Hectd1-/- LT-HSCs are able 

to self-renew and differentiate successfully in vivo after primary transplantation. 

Additionally, comparing animals that had been transplanted with Hectd1-/- foetal liver 

cells with mice that had received wt foetal liver cells confirmed my previous observations 

that Hectd1 loss affects the numbers of certain T cell subsets, which curiously mostly 

overlaps with CD44 expression on these T cells. 
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Figure 4.9 The loss of HECTD1 causes only minor defects in 
certain T cell populations 

Single-cell suspensions were prepared from spleens and peripheral blood 
from primary reconstituted mice 20-24 weeks post-transplantation. Cells 
were subjected to immuno-staining to identify expression of cell surface 
markers and analysed by flow cytometry. (A-F) Total numbers and 
percentages of the different cell types as indicated. Neutrophils 
(MAC1+GR1+), B lymphocytes defined as; transitional B (B220lo-hiIgMhi), 
and mature B (B220hiIgMmid) cells. T lymphocytes defined as CD4SP and 
CD8SP T cells, naïve (CD4+CD62l+CD44-) effector memory 
(CD4+CD62l-CD44+) and central memory (CD4+CD62l+CD44+). Data 
represent mean±SEM. Each data point is an average of 2-3 recipient 
mice from a single foetal liver. Data represent mean±SEM; Student’s t-
test, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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4.4.3 Hectd1-/- HSCs show defects in secondary transplantation 
experiments 

In addition to the previous experiments, I also harvested bone marrow from mice that 

had been reconstituted with only Hectd1-/- or wt foetal liver cells and used these cells to 

transplant them into secondary lethally irradiated recipients. For this, bone marrow 

from 3 mice that had been successfully reconstituted with HSPCs from the same donor 

foetal livers (either Hectd1-/- or wt) were pooled and transplanted into three new lethally 

irradiated CD45.1+ wt recipient mice (Figure 4.6). Two mice receiving Hectd1-/- donor 

cells (from two different original foetal livers) died of reconstitution failure, whereas no 

reconstitution failures were seen in secondary recipients that had been transplanted with 

wt donor cells. This indicates that the self-renewal/functional capacity of Hectd1-/- 

HSPCs might be impaired. All other recipient mice were harvested 20-24 weeks post 

reconstitution and their HSPC compartments analysed by flow cytometry. 

Interpretation of these data was difficult due to the endogenous wt host cells 

contributing to the haematopoietic lineages in secondary recipient mice that had been 

transplanted with Hectd1-/- donor cells. As shown in Figure 4.10A, only 35-50% of the 

stem and progenitor pool in such recipients were of Hectd1-/- origin at 20-24 weeks 

post-secondary reconstitution, while the remainder were of host origin. This finding 

clearly indicates that Hectd1-/- HSPCs have substantial defects that impair their capacity 

to reconstitute lethally irradiated recipient animals. Consequently, there was a 

reduction in the contribution of cells of Hectd1-/- origin to the different haematopoietic 

lineages in the bone marrow, spleen, thymus and blood. However, these results show 

that the Hectd1-/- cells that are present can still differentiate into the various mature 

subsets of the haematopoietic system after secondary transplant (Figure 4.10B). In light 

of these results I used another technique to test the capacity of Hectd1-/- HSPCs from 

bone marrow of primary recipients to reconstitute secondary recipient animals. To this 

end, I transplanted diluting numbers (between 1 x 105 to 1 x 106 cells) of Hectd1-/- or wt 

bone marrow cells from primary recipients (containing equal number of HSPCs) into 

secondary lethally irradiated recipients (Figure 4.11A). These secondary transplanted 

mice were then monitored for signs of anaemia and lethargy, which indicate 

reconstitution failure and generally occur within the first 4 weeks post-transplantation. 

Animals that had received 1 x 106 donor cells, known to be more than sufficient for 
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successful reconstitution in the case of wt donor cells294, regardless of their genotype, all 

survived (Figure 4.11B). Interestingly, when only 2 x 105 donor cells were transplanted, 

only three out of twelve animals transplanted with Hectd1-/- bone marrow cells survived, 

compared to eight of nine survivors for reconstitution with wt bone marrow cells 

(Figure 4.11C). When only 1 x 105 donor cells were transplanted, a number where some 

reconstitution failure is expected for wt donor cells294, almost all mice transplanted with 

Hectd1-/- bone marrow cells exhibited reconstitution failure, compared to only 35% of 

mice that received wt bone marrow. Importantly, secondary recipients that survived for 

12 weeks after transplantation with low numbers (1or 2 x 105) of Hectd1-/- bone marrow 

cells, showed a high proportion (50-90%) of host derived cells in all haematopoietic 

lineages (revealed as CD45.1+ leukocytes in the blood) (example plot Figure 4.11E). We 

know from the analysis of the primary recipient mice that all haematopoietic cell types 

were present in comparable proportions and numbers in Hectd1-/- vs wt foetal liver cell 

reconstituted animals. Therefore, similar numbers of haematopoietic stem and 

progenitor cells of Hectd1-/- and wt would originally have been transplanted into the 

primary recipients that provided the bone marrow cells for the secondary 

transplantations. These data provide evidence that Hectd1-/- HSPCs have an intrinsic 

defect that reduces their self-renewal capacity. 

 
Figure 4.10 Hectd1-/- haematopoietic cells are out-competed 
by endogenous wt cells in secondary HSPC transplants 
Single-cell suspensions were prepared from bone marrow and 
peripheral blood from secondary reconstituted mice (Figure 4.6) 20-24 
weeks post-transplantation, immuno-stained for cell surface markers 
and analysed by flow cytometry. (A) Percent contribution of 
transplanted wt or Hectd1-/- (CD45.2) cells in HSPCs populations as 
indicated (refer to Figure 4.3 for definitions). (B) Percent contribution of 
neutrophils (MAC1+GR1+), B lymphocytes (B220+), CD4SP and 
CD8SP T cells. Data represent mean±SEM. 
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Figure 4.11 Hectd1-/- HSPCs are functionally less capable than 
their wt counterparts in reconstituting secondary recipient 
mice 
(A) Schematic of serial transplant experiments. Timed matings of 
Hectd1+/-;CD45.2 mice were set up to generate E14.5 Hectd1+/+ and 
Hectd1-/- embryos. Single cell suspensions were prepared from the foetal 
livers of Hectd1+/+ or Hectd1-/- E14.5 embryos, counted and injected i.v. 
into 3 lethally irradiated wt CD45.1 mice (primary recipients). At 20-24 
weeks post-transplantation, bone marrow from these mice was 
harvested. Bone marrow cells from mice that had received the same 
foetal liver cells were pooled, counted and injected i.v. into lethally 
irradiated wt CD45.1 mice (secondary recipients) with the indicated 
numbers of cells and monitored for reconstitution and survival. (B-D) 
Survival curve of mice receiving 1 x 106 cells (B), 2 x 105 cells (C) and 1 
x 105 cells (D), n= 9 wt, 11-12 Hectd1-/- per condition, p values as 
indicated. (E) Example FACS plot of CD45.1 and CD45.2 expression 
in the peripheral blood of mice that received 1-2 x 105 cells, 12 weeks 
post-transplantation. 
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4.5 RNA sequencing of Hectd1-/- LSK cells reveals alterations 
in innate immune signalling pathways 

All of the data that I have presented so far suggest that HECTD1 plays a significant role 

in the function of HSCs and possibly other early haematopoietic progenitor cells. Since 

HECTD1 functions as an E3 ligase, this phenotype is likely due to the deregulation of 

a protein target, which is ubiquitinated by HECTD1. In order to identify a direct target 

of HECTD1, proteomic analysis of the LSK population would have to be performed. 

However, the lack of HECTD1 specific antibodies and the low numbers of these cells 

make such an undertaking impossible, at least with the currently available tools for 

proteomic studies. Moreover, since some studies suggested that HECTD1 most likely 

does not form classical K48 linked ubiquitin chains to mark a substrate for proteasomal 

degradation159,165, it is unlikely that a simple proteomic analysis would reveal a single 

or multiple target(s) destabilized by HECTD1 mediated ubiquitination. It has been 

postulated that HECTD1 most likely forms K63 linked ubiquitin chains, which have 

been reported to regulate processes other than proteasomal degradation. For example, 

K63 linked ubiquitination of HSP90 was reported to impact its subcellular location159. 

Since K63 linked ubiquitination of proteins is thought to regulate diverse signalling 

cascades within cells139, I decided to investigate pathway perturbations in Hectd1-/- LSKs 

by using a whole genome RNA sequencing approach.  

Total RNA was extracted from LSK cells isolated by FACS sorting from the foetal livers 

of Hectd1-/- or wt littermate control E14.5 embryos. In total, I collected LSK cell 

populations from 6 wt and 8 Hectd1-/- E14.5 embryos; for the latter four with and four 

without exencephaly. Sequence analysis of exon 3 of the Hectd1 mRNA confirmed that 

this critical exon had indeed been deleted in the cells from the Hectd1-/- embryos 

(Figure 4.12A). Differential expression analysis was performed by comparing Hectd1-/- 

LSKs from embryos with or without exencephaly. This revealed that these samples were 

very similar as only 5 differentially expressed (DE) genes with an adjusted p value below 

0.05 could be detected (Table 4.1). This is in support of my data that showed no 

differences in the cellular composition of the LSK population between Hectd1-/- embryos 

that did or did not present with exencephaly (Appendix II).  
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Figure 4.12 RNA sequencing of LSK cells from Hectd1-/- reveals 
120 DE genes 

LSK (Lineage-SCA1+cKit+) cells were isolated from E14.5 foetal livers by 
immuno-staining and FACS. RNA was isolated and each sample indexed 
for illumina sequencing using the TruSeq RNA sample Prep Kit. (A) Reads 
per kilobase of transcript, per million mapped reads (RPKM) of Hectd1 
mRNA Exon3. (B) Mean-difference plot showing all significantly up-
regulated genes in red, down-regulated genes in blue and non-significant 
genes in black. For full list of DE genes refer to Appendix III. 

 

 

Since the global mRNA expression profiles of LSKs derived from Hectd1-/- embryos 

with or without exencephaly were very similar, we pooled these samples for the 

comparison with LSKs from the wt embryos. This comparison revealed that 120 genes 

were significantly differentially expressed between these two groups with a false 

discovery rate of <0.05 (Figure 4.12.B, for list of genes refer to Appendix III). As 
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Table 4.1 DE genes identified comparing LSK cells from E14.5 
Hectd1-/- embryos with and without exencephaly   
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mentioned earlier, the aim of this RNA sequencing experiment was to identify changes 

in specific signalling pathways and not necessarily the identification of DE individual 

genes. To this end, two types of pathway analysis were performed on the DE genes to 

determine whether any known signalling pathways were over- or under-represented in 

the Hectd1-/- data set. Gene Ontology (GO) enrichment analysis and KEGG pathway 

analysis demonstrated that the significant pathway changes occurred almost exclusively 

in innate immune response related pathways. Table 4.2 shows the top 10 pathways for 

each analysis, and includes the number of genes in the data set (# genes) and how many 

these genes in our Hectd1-/- data set had a positive (#up) or negative (#down) log-fold 

change  compared  to  wt.  Of  note,  almost  all  of  the  DE  genes  from  our  data  set  

Table 4.2 Pathway analysis of DE genes identified in Hectd1-/- 
LSKs isolated from E14.5 Hectd1-/- embryos  
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represented in these pathways were up were upregulated with HECTD1 loss (Table 

4.2). This suggests that the interferon (IFN) pathways might be deregulated in the 

Hetcd1-/- LSK cells. To confirm this finding, gene set testing was performed with two 

collections from the Broad Institute’s Molecular Signature Database. In both cases IFN 

response genes were highly represented in Hectd1-/- samples (Table 4.3). Together these 

data suggest that HECTD1 is a negative regulator of the IFN pathway.  

4.6 Discussion 

From my data presented in Chapter 3, I hypothesised that HECTD1 plays a role in the 

stem and/or progenitor cell populations in the haematopoietic system of mice. In this 

chapter I have provided compelling evidence that this is indeed the case. Firstly, the 

competitive reconstitution experiments between wt and Hectd1-/- foetal liver derived 

HSPCs demonstrates that only a third of the expected proportion of Hectd1-/- HSCs and 

MPPs were present 20-24 weeks post-transplantation. Interestingly, we observed a 

further reduction in the contribution of Hectd1 deficient cells after the MPP stage with 

only 3% (of the expected 50%) of HSP-1, HSP-2 and other more lineage committed 

progenitor cells being of Hectd1-/- origin. This suggests a defect in the self-renewal 

capacity of the Hectd1-/- HSPCs and raises the possibility that HECTD1 plays a role 

 

Table 4.3 Gene set analysis reveals abnormally increased IFN 
signalling signature in Hectd1-/- LSKs   

*p values listed are not adjusted 
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during multiple stages of HSPC development. To formally test this hypothesis, I will 

have to delete Hectd1 at different stages of haematopoietic development by using the 

floxed Hectd1 mice and crossing them to different cell stage-specific Cre recombinase 

transgenic lines. Further evidence supporting a role for HECTD1 in early and late 

haematopoietic development could be collected when analyzing the expression of 

HECTD1 throughout the haematopoietic lineage using qPCR, intra-cellular FACS or 

Western blot techniques. Whilst this will reveal the requirements of HECTD1 at 

different stages of haematopoiesis, it will not address the question how HECTD1 

regulates these processes at the molecular level.   

Since we observed that HECTD1-deficient HSPCs were largely disadvantaged in their 

competition with wt HSPCs, it was important to ascertain that the cellular composition 

of the Hectd1-/- foetal livers, the tissue from which the HSPCs were derived for my 

transplantation studies, were present at the same numbers as in foetal livers from wt 

embryos. I therefore characterised the HSPC populations in foetal livers from E14.5 

HECTD1-deficient and wt mice. This revealed that most cell types within the foetal 

liver from E14.5 Hectd1-/- embryos were reduced in number. However, it remains 

unknown if this phenotype is a direct effect caused by the loss of HECTD1 in the 

haematopoietic lineage or an indirect effect from its absence in non-haematopoietic 

tissues. For example, it has been reported that the placental interface is disrupted in 

Hectd1-/- embryos161,162; hence it is possible that there are fewer cells in the foetal liver 

due to the reduced availability of nutrients for the embryo. Importantly, these data show 

that proportionally, there are no differences within the HSC pool derived from 

HECTD1-deficient or wt foetal livers. Since I used the same amount of wt and 

Hectd1-/- donor cells in the competitive reconstitution experiments, the same numbers 

of HSCs were transplanted. These data reiterate the idea that it must be a cell intrinsic 

defect of Hectd1-/- HSCs that confers the striking competitive disadvantage when they 

are transplanted into lethally irradiated recipient mice alongside wt HSPCs 

(Figures 4.2A-B). Since we also observed defects in the Pre-GM and GMP populations, 

it might be possible that there is a separate function of HECTD1 that comes into play 

during these later stages of haematopoietic development. More experiments will need 

to be conducted to assess this and I will revisit this issue briefly in the next results 

chapter. Similarly, in primary recipient animals, there was very little difference in the 
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cellular composition of the haematopoietic system between animals that received wt or 

HECTD1-deficient foetal liver cells. Primary recipient animals that had been 

transplanted with Hectd1-/- HSCs contained all the major cell types of the 

haematopoietic system with only some relatively minor perturbations seen in certain T 

cell populations.  

In order to test the self-renewal capacity of Hecdt1-/- cells, I performed secondary 

transplantation experiments with diluting number of cells from the bone marrow of the 

primary recipients. This revealed that Hectd1-/- HSPCs were much less capable than wt 

cells at repopulating lethally irradiated secondary recipient mice as very few animals 

receiving 1-2x105 Hectd1-/- donor cells were successfully reconstituted and survived the 

procedure. Collectively, these data show that Hectd1-/- HSPCs are capable of self-

renewal, and differentiation in primary transplants, but show markedly reduced 

capability of self-renewal as evident in the failure to reconstitute secondary recipients. 

This phenotype is also observed in HSPCs that have a perturbed WNT signalling 

pathway, a pathway that was reported to be impacted by HECTD1165. Competitive 

transplantation experiments with Wnt3a-/- HSPCs showed that they are not 

outcompeted by wt cells in primary competitive transplants, however, they were rapidly 

outcompeted in secondary competitive transplant experiments103. Interestingly, Wnt3a 

loss did not affect terminal differentiation, cell cycling, or cell survival of HSPCs. It is 

therefore possible that other regulatory mechanisms not tested by conventional assays 

led to the disturbed self-renewal capacity of Wnt3a-/- HSPCs. Like the Wnt3a-/- HSPCs, 

Hectd1-/- HSPCs were able to successfully generate terminally differentiated cells in all 

lineages, at least in primary recipients. However, I have not yet tested whether 

HECTD1 deficient HSPCs show decreased survival or cell cycling. Another example 

of a perturbed HSPC compartment was recently shown in mice that lack the cell cycle 

regulator p21. While these mice show no defects under steady state, p21 deficient 

HSPCs cannot recover after 5-FU treatment or appropriately self-renew in 

transplantation assays295. To assess the cell cycle status of Hectd1-/- HSPCs, I could 

perform an in vivo BrdU pulse-chase experiment.  This would allow me to address the 

question, whether HECTD1-deficient LT-HSCs are proliferating more, leading to the 

exhausted phenotype observed in my competitive and serial transplantation 

experiments. If more proliferation would be the reason for the impaired function of the 
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Hectd1-/- HSCs, I would expect to see a reduction of BrdU label retention in the 

Hectd1-/- HSPCs in pulse-chase experiments compared to wt HSPCs. However, if 

Hectd1-/- HSPCs die in response to the stresses caused by the reconstitution, then I would 

expect that the concomitant loss of pro-apoptotic proteins, such as BIM or PUMA, 

would rescue the defects in HSPCs caused by the loss of HECTD1.  

Thus far it has been reported that HECTD1 loss leads to migratory defects of cells, with 

an increase in migration in various cell lines in vitro with loss of HECTD1159,163,165. 

When haematopoietic cells are transplanted into lethally irradiated recipient animals, 

the donor cells are injected i.v. and need to move into the relevant bone marrow 

niches55. Additionally, the niche is an important regulatory element in the maintenance 

of HSPCs, providing the right environment to maintain these stem cells in a quiescent 

state53. It is possible that the Hectd1-/- HSPCs are less capable of migrating into the bone 

marrow or perhaps establishing their residency within their niche. In order to address 

this question, I could inject fluorochrome labelled Hecdt1-/- HSPCs into lethally 

irradiated recipient animals and identify the labelled donor cells either 1, 3 or 7 days 

post-injection using flow cytometric analysis or live imaging296,297. While the early time 

points will allow the identification of a migratory defect, the 7 day time-point would 

allow identification of the engraftment capability of the Hectd1-/- HSPCs.  

In an attempt to identify pathways regulated by HECTD1, I performed RNA 

sequencing experiments on LSK cells isolated from the foetal livers of Hectd1-/- or wt 

E14.5 embryos. Pathway analysis on the DE genes revealed an overwhelming 

enrichment for upregulated pathways involved in IFN signalling. IFNs are cytokines 

that are key regulators of innate immune responses to pathogens. They are classed into 

three groups, type I, II and III, based on the receptors they bind. These cytokines signal 

through the Janus kinase (JAK)-signal transducer and activator of transcription (STAT) 

pathway298. The type I IFNs (e.g. IFN-α and -β) can be produced by most cells, leading 

to the activation of an anti-viral response state in neighboring cells by upregulation of 

proteins that interfere with virus replication. Additionally, type I interferon responses 

can promote antigen presentation and thereby activate the adaptive immune system299. 

Type III IFNs are a relatively new class of IFN, that produce similar outcomes as type 

I IFN signalling, showing some redundancy with them, but they are preferentially 
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expressed by epithelial cells300. In contrast, type II IFN (of which IFN-γ is the single 

member) is predominantly produced by activated T cells and natural killer cells in 

response to stimulation with type I IFN or certain other pro-inflammatory cytokines. 

IFNγ induces an immune response by eliciting anti-viral programs (with some overlap 

with type I IFNs), activating M1 macrophages to contribute to cell clearance. IFNγ also 

induces MHC class II expression in antigen presenting cells301.  

Interestingly, a role for IFNs in the maintenance and function of HSCs has been 

described. With respect to type I IFNs, it has been shown that mice treated with a 

synthetic stimulator of the type I IFN pathway, polyinosinic:polycytidylic acid 

(poly I:C), or recombinant IFN-α induced the exit of the quiescent HSCs from their 

niche in the bone marrow. These cells thereby were mobilized into an unwarranted 

proliferative state. This effect was prevented by loss of the type I IFN receptor (IFNAR1) 

on HSPCs, confirming that this is a type I IFN driven process302. Additionally, it was 

shown that after chronic (but not during transient) IFN stimulation, Ifnar1-/- HSPCs 

outcompeted wt HSPCs, suggesting that the IFN stimulated cells had a marked 

disadvantage. Following on from this work, it was shown that HSPCs can accumulate 

DNA damage as a direct consequence of exiting a quiescent state and undergoing rapid 

proliferation in response to IFN signalling303. In these experiments, mice were treated 

with polyI:C to induce an IFN response in vivo in order to mimic physiological stress. 

Recurring activation of HSPCs out of dormancy in mice with perturbed DNA repair 

resulted in bone marrow failure303. These findings identify physiological stresses that 

upregulate type 1 IFN (e.g. infection) as a novel mechanism for accumulation of DNA 

damage during aging. Of note, defects in DNA repair function are known to lead to 

failure of the haematopoietic system. Further work had implicated many other 

components of the IFN signalling pathway in the regulation of HSCs. HSPCs deficient 

in IRF2, a transcriptional negative regulator of type I IFN signalling, are rapidly 

depleted in a competitive transplantation setting304, with the mutant HSPC appearing 

to be more highly proliferative. Again, this defect could be rescued by the concomitant 

loss of IFNAR1. Similarly, deletion of ADAR (another negative regulator of type I IFN 

signalling) exclusively in HSPCs resulted in the hyperproliferation and excess apoptosis 

of these cells as well as a reduction in their contribution to differentiated progeny after 

transplantation305. Collectively, these data suggest, that IFN signalling results in undue 
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mobilization and proliferation of HSPCs and therefore leads to their functional 

exhaustion. However, more recent work suggests that the chronic effects of IFN on 

HSPCs results in their apoptosis, and that the proliferation may only be transient. This 

suggests that it is the death (not due to functional exhaustion) that accounts for the 

reduction in self-renewal capacity of HSCs in response to chronic IFN signalling306.  

Our RNAseq data from the Hectd1-/- HSPCs suggest a similar phenotype, i.e. cells are 

rapidly depleted in a competitive setting and cannot repopulate lethally irradiated mice 

as well as their wt counterparts in serial transplantation assays. Alternately, as increases 

in IFN signalling can result in replicative stress303, it is possible that HECTD1 may be 

more sensitive to IFN signalling due to defects in DNA repair that then lead to the 

defects in secondary transplant of Hectd1-/- HSPCs. 

Type II IFN signalling has also been reported to impact HSPC maintenance. The INF-γ 

inducible gene Lgr47 encodes for a GTP-binding protein, shown to be a crucial effector 

of the IFN-γ response against a range of pathogens307-309. Interestingly, Lgr47 knock out 

mice show impaired haematopoiesis in situations of stress, such as after treatment with 

5-FU or sub-lethal irradiation. Much like the results I have presented with HECTD1 

loss in the HSPCs, Lgr47-/- mice show very few perturbations under steady state. 

However, they show marked defects in self-renewal as evidenced in competitive and 

serial transplantation assays310. Another study showed that culturing human cord blood 

derived HSPCs in the presence of IFN-γ greatly reduced their ability to repopulate 

NOD-SCID mice. This suggests that IFN-γ has a negative effect on the ability of HSPCs 

to self-renew311. Interestingly, it was shown in a mouse model of M. avium infection that 

HSPCs expanded after infection, and this response was dependent on IFN-γ but not 

type I interferon signalling312. In contrast, another study showed that IFN-γ inhibited 

the expansion of the HSPC pool in wt mice and reduced recovery of the stem cell 

compartment after LCMV infection313. Shortly after this work another study showed 

that in response to LCMV infection HSPCs were not proliferating, but differentiating, 

such that the HSC numbers remained unchanged314. While it is clear that Type II INF 

signalling impacts the regulation of HSPCs, the literature remains largely controversial, 

and more work is needed to resolve discrepancies. Given the similarities between the 

effect of HECTD1 loss in HSPCs and some of the phenotypes described in this 



 

 

 

102 

discussion, it is possible that HECTD1 could be a negative regulator of type II IFN 

signalling. However, it is also possible that there is just some overlap between the 

downstream targets of the type I and type II responses and it is more likely that the 

increased activity of the type I IFN response is responsible for the defects seen in the 

Hectd1-/- HSPCs. 

In conclusion I have shown that HECTD1 loss in HSCs leads to defects in their 

self-renewal capacity as shown in serial transplantation assays. It is unlikely that this is 

due to a defect in the ability of these cells to differentiate as all major cell lineages were 

found to be present after secondary transplants in a non-competitive setting, even 

though the remaining host cells were over-represented in the mice that received 

Hectd1-/- donor cells. Whether the defects observed are due to increased cell death, 

defects in cell cycling or another undescribed mechanism of HSC renewal, remains 

unknown. Genome wide RNA sequencing of Hectd1-/- LSKs has provided persuasive 

insight, and suggests that deregulated IFN signalling may play a role in the defects in 

self-renewal of the HECTD1-deficient HSPCs. 
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Chapter 5 Investigating the role of HECTD1 

in haematological malignancies 
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5.1 Introduction 

Previously, I have presented work investigating the role of HECTD1 in normal blood 

cell development in the adult haematopoietic system of mice. I have shown that loss of 

HECTD1 in the HSCs results in a loss of reconstitution capacity, indicating a defect in 

self-renewal. Furthermore, comparing global transcriptional changes between wt and 

Hectd1-/- LSK cells suggested that a deregulation of IFN signalling pathways likely 

contributes to this defect. I am interested in understanding the mechanisms of 

haematopoietic cell development as they could be of benefit to patients undergoing 

HSC transplants or chemotherapy. Furthermore, the processes that are important for 

HSPC function are often exploited by malignant cells. Hence, immature progenitor 

cells and cancer cells share many properties, such as self-renewal, rapid proliferation 

and migration. Tumour propagating cells315 (also described as “cancer stem cells”) are 

likely to have taken advantage of cell proliferation pathways, giving them stem-like 

properties, such as the WNT/β-catenin pathway that is implicated in the progression 

of CML188. Another example of a developmental pathway that is subverted to drive 

tumour cell proliferation is NOTCH signalling, which is crucial during normal 

embryonic development, but also a driver of T-ALL316. This reinforces the idea that 

signalling pathways that are critical for normal stem cell function, are also relevant in 

cancer cell biology, thereby representing potential therapeutic targets for the treatment 

of cancer. Given that HECTD1 plays a role in HSPC function, it is possible that its 

expression is deregulated in malignant cells. Therefore, I investigated the impact of loss 

of HECTD1 on haematological malignancies. 

To explore the role of Hectd1 in leukaemia, I utilised a mouse model of AML. AML is 

the aberrant expansion of early blast-like myeloid progenitor cells and this disease can 

be divided into many different sub-types on the basis of cellular morphology and 

oncogenic drivers. AML can be driven by different genetic lesions that result in an 

accumulation of cells due to survival and/or proliferation advantages as well as a 

differentiation block during myelopoiesis317. A subset of AML is driven by the fusion of 

the MLL gene to other genes (e.g. AF4, AF9 or ENL) and the expression of such fusion 

proteins is often a cancer-initiating event. The MLL gene encodes for a histone 

methyltransferase that is crucial during normal embryonic development and 
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haematopoiesis due to its role in the regulation of the Hox gene family318-320. MLL fusion 

proteins are thought to drive the development of leukaemia by forcing the erroneous 

expression of a subset of MLL target genes321-323. These fusion proteins are responsible 

for the development of 5-10% of AMLs.  

MLL-AF9 appears in approximately 25% of all MLL-fusion AML cases. In mouse 

models of MLL-AF9 driven AML, it has been shown that tumors can arise from 

different cell types, and this may have implications for the severity of the disease. The 

cell of origin has been shown to be a GMP-like324 or a more mature cell type of the 

myeloid lineage that has acquired stem-like properties325. Further studies have shown 

that when MLL-AF9 expression is enforced in HSCs, this results in a more severe 

disease phenotype182,326. In addition to HECTD1’s role in HSPCs, I noted that there 

was a small, yet significant, accumulation of the pre-GM population in the foetal livers 

of Hectd1-/- E14.5 embryos (Figure 4.5). Therefore, I selected the MLL-AF9 mouse 

model of AML to assess the role of HECTD1 in the development of haematological 

malignancies. 

5.2 HECTD1 loss delays tumour onset in a mouse model of 

MLL-AF9 driven acute myeloid leukaemia 

To generate primary AMLs, I introduced an MLL-AF9 fusion gene into HSPCs derived 

from the foetal livers of Hectd1-/- or wt littermate E14.5 embryos by retroviral 

transduction. These cells were subsequently transplanted into lethally irradiated wt 

recipient mice that were then monitored for tumour development (Figure 5.1A). As 

previously shown in mice, the enforced expression of the MLL-AF9 fusion protein 

results in very rapid development of AML, with all mice that had been reconstituted 

with MLL-AF9 transduced wt foetal liver cells succumbing to the disease between 40 to 

60 days post-transplantation325. Interestingly, mice that had been reconstituted with 

MLL-AF9 transduced Hectd1-/- foetal liver cells showed a significant delay in AML 

development with a median latency of 60 days compared to 48 days for mice that 

received wt MLL-AF9 transduced cells (p>0.0001, Figure 5.1B).  
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To characterise the MLL-AF9 driven tumours generated on a wt or Hectd1-/- 

background, leukocytes were isolated from the spleen, bone marrow and peripheral 

blood of sick mice and analysed by flow cytometry. The MLL-AF9 expression construct 

additionally encodes for GFP allowing tumour cells (GFP+) to be easily identified. As 

shown by the representative FACS plots in Figure 5.1C, the bone marrow from 

MLL-AF9 AML-burdened mice was overwhelmed by large GFP+ cells. The mean 

fluorescent intensity (MFI) of GFP+ cells was quantified for the spleen, bone marrow 

and peripheral blood of all animals, with no differences observed between the wt and 

Hectd1-/- tumours (Figure 5.1D-E). Additionally, the spleens were weighed but no 

significant differences observed between mice bearing wt or Hectd1-/- tumours 

(Figures 5.1G). These data show that the transduction efficiency of the MLL-AF9 

construct into the foetal liver cells was similar and the overall tumour burden at the time 

of sacrifice was similar between the mice reconstituted with wt or Hectd1-/- foetal liver 

cells.  

As shown previously, this model of MLL-AF9 induced AML results in the accumulation 

of early myeloid progenitor-like blasts325. I was interested in knowing whether the 

Hectd1-/- tumours differed from their wt counterparts in the expression of cell surface 

markers indicating a progenitor or differentiated cell state. Therefore, I performed 

immuno-staining and flow cytometry to analyse the expression of MAC1, GR1 and 

cKit in the GFP+ AML cells. As expected, tumour cells were either MAC1+GR1+ 

(Figure 5.2A top) or MAC1+GR1- (Figure 5.2A bottom). There were no consistent 

differences in the staining profiles between the Hectd1-/- and wt AMLs in the bone 

marrow, spleen or peripheral blood (Figures 5.2B-D). Additionally, cKit expression, 

both percentages of positive cells as well as MFI, did not vary between AMLs of the two 

genotypes (Figures5.2 E-F). These data demonstrate that there is no difference in the 

immnophenotype of tumours derived from Hectd1-/- or wt fetal liver cells transduced 

with MLL-AF9. 

5.3 Discussion 

To assess the role of HECTD1 in haematological malignancies, I transduced Hectd1-/- 

and wt (control) foetal liver cells with an MLL-AF9 expression vector and transplanted 
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them into lethally irradiated wt recipients. Interestingly, the loss of HECTD1 caused a 

significant delay in the development of AML. Comparing the phenotype of the 

Hectd1-deficient tumours with wt tumours showed no differences in spleen weight or 

expression of the cell surface markers MAC1, GR1 or c-Kit. This demonstrates that the 

tumour burden and tumour type were similar between the two genotypes at the time of 

sacrifice. Interestingly, HECTD1 loss delayed the development of AML. This may 

indicate that understanding the role of HECTD1 in these cells may reveal novel targets 

for cancer therapy. To explore this, I plan to investigate whether the loss of HECTD1 

can also cause a delay in tumour onset in other models of MLL fusion protein driven 

AMLs and potentially other blood cancers. The mechanism by which loss of HECTD1 

delays tumour onset or progression remains unknown, but unraveling the function of 

HECTD1 in HSCs may inform us how HECTD1 loss delays MLL-AF9-driven 

development of AML. Conversely, studies on AML may inform us on the mechanisms 

that contribute to the critical function of HECTD1 in HSCs.  
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Figure 5.1 HECTD1 loss delays tumour onset in the MLL-AF9 
mouse model of AML 

(A) Schematic of the generation of Hectd1-/- and wt MLL-AF9 expressing 
AML in vivo. (B) Survival curve of mice generated in (A), n= number of 
recipient mice with number of original foetal livers in brackets. Data are 
from two independent experiments (C-G) Mice bearing Hectd1-/- or wt 
MLL-AF9-driven tumours were euthanised and spleen, bone marrow and 
peripheral blood harvested for analysis (C) Examples of FACS plots of GFP 
expression (indicating MLL-AF9 expression) of AML cells isolated from the 
bone marrow of sick mice; analysis of bone marrow cells from healthy wt 
control mouse is shown on the left for comparison  (D) Mean fluorescent 
intensity (MFI) values for GFP expression in AML cells of the indicated 
genotypes isolated from the organs as indicated (E) Percentage of total cells 
that were GFP+ in organs as indicated (G) Spleen weight of mice bearing 
AMLs of the indicated genotypes at time of sacrifice. Data represent 
mean±SEM; ****P<0.0001. 
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Figure 5.2 Hectd1-/- MLL-AF9-driven AMLs are 
immunophenotypically similar to wt MLL-AF9-driven AMLs 
(A) Mice bearing Hectd1-/- or wt MLL-AF9 tumours were euthanised and 
spleen, bone marrow and peripheral blood were harvested and single cell 
suspensions prepared for analysis. Examples of FACS plots of MAC1 and 
GR1 expression on AML cells (GFP+) of the indicated genotypes isolated 
from bone marrow; analysis of the bone marrow from a healthy wt mouse 
is shown on the left for comparison. AML cells were either MAC1+GR1+ 
(top) or MAC1+GR1- (bottom) (B-D) Percentage of GFP expressing cells in 
AMLs of the different genotypes isolated from different organs as indicated 
(E) Percentage of cKIT expressing cells in the AMLs of the different 
genotypes, isolated from the different organs as indicated  (F) MFI of c-Kit 
expression on AML cells (GFP+) of the genotypes indicated, isolated from 
different organs as indicated. Data represent mean±SEM 
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Humanized Mcl-1 mice enable accurate preclinical
evaluation of MCL-1 inhibitors destined for clinical use
Margs S. Brennan,1,2 Catherine Chang,1 Lin Tai,1 Guillaume Lessene,1-3 Andreas Strasser,1,2 Grant Dewson,1,2 Gemma L. Kelly,1,2,*

and Marco J. Herold1,2,*

1The Walter and Eliza Hall Institute of Medical Research, Melbourne, Australia; and 2Department of Medical Biology and 3Department of Pharmacology and
Therapeutics, University of Melbourne, Melbourne, Australia

KEY PO INT S

l Due to the higher
affinity of current
MCL-1 inhibitors,
huMcl-1 mice have
been established.

l A therapeutic window
for S63845 can be
established in huMcl-1
mice transplantedwith
huMcl-1;Em-Myc
lymphomas.

Myeloid cell leukemia-1 (MCL-1) is a prosurvival B-cell lymphoma 2 (BCL-2) family member
required for the sustained growth of many cancers. Recently, a highly specific MCL-1
inhibitor, S63845, showing sixfold higher affinity to human compared with mouse MCL-1,
has been described. To accurately test efficacy and tolerability of this BH3-mimetic (BH3-
only protein mimetic) drug in preclinical cancer models, we developed a humanized Mcl-1
(huMcl-1) mouse strain in which MCL-1 was replaced with its human homolog. huMcl-1mice
are phenotypically indistinguishable from wild-type mice but are more sensitive to the
MCL-1 inhibitor S63845. Importantly, nontransformed cells and lymphomas from huMcl-1;
Em-Myc mice are more sensitive to S63845 in vitro than their control counterparts. When
huMcl-1;Em-Myc lymphoma cells were transplanted into huMcl-1 mice, treatment with
S63845 alone or alongside cyclophosphamide led to long-term remission in∼60%or almost
100% of mice, respectively. These results demonstrate the potential of our huMcl-1mouse

model for testing MCL-1 inhibitors, allowing precise predictions of efficacy and tolerability for clinical translation.
(Blood. 2018;132(15):1573-1583)

Introduction
Apoptosis is a form of programmed cell death that removes
unwanted and potentially dangerous cells in multicellular
organisms.1 Deregulation of apoptosis can result in accumu-
lation of cells that should normally be deleted. The abnormal
proliferation of mutated “undead” cells can lead to tumor
development.2 Cell death hinges on the balance between the
prosurvival and proapoptotic members of the B-cell lym-
phoma 2 (BCL-2) family of proteins. This family is divided into
the prosurvival members (BCL-2, BCL–extra large [BCL-XL],
BCL-WEHI [BCL-W], myeloid cell leukemia-1 [MCL-1], and
BCL-2–related protein A1 [BCL2A1]/BFL-1), the BCL-2 ho-
mology domain 3 (BH3)-only proapoptotic proteins (eg, BCL-2
interacting mediator of cell death [BIM] and p53-upregulated
modulator of apoptosis [PUMA]), and the multi-BH domain
proapoptotic effectors (BCL-2 homologous antagonist/killer
[BAK], BCL-2–associated X protein [BAX], and BCL-2–related
ovarian killer [BOK]).3 Diverse stress stimuli induce expression
of BH3-only proteins to initiate apoptosis, either indirectly by
binding to the prosurvival BCL-2 proteins, thereby unleashing
the proapoptotic effectors BAK and BAX, or by binding BAK
and BAX directly. Following activation, BAK and BAX oligo-
merize on the outer mitochondrial membrane, perforating its
surface, releasing cytochrome c and other apoptogenic fac-
tors. This unleashes the caspase cascade that causes de-
molition of the cell.3,4

Cancer cells can subvert the apoptotic machinery by upregulation
of prosurvival, or downregulation of proapoptotic proteins.2 The
MCL-1 locus is amplified in numerous human tumor types,5 and
functional studies in mouse models showed that MCL-1 is es-
sential for the sustained growth of hematopoietic6-11 cancers,6-11

and some solid tumor subtypes.12,13 Direct targeting of prosurvival
BCL-2 family members with BH3 mimetics has proven success as
cancer therapy. The BCL-2 inhibitor venetoclax is highly effica-
cious for the treatment of relapsed/refractory chronic lymphocytic
leukemia (CLL).14,15 A clinically relevant specific and potent MCL-1
inhibitor, S63845,16 was shown to be efficacious as amonotherapy
in several preclinical models of hematological malignancies and
in combination with oncogenic kinase inhibitors in certain lung-,
skin-, and breast cancer–derived cell lines and patient-derived
xenograft models.16-18

The clinical application of MCL-1 inhibitors has been of sub-
stantial concern given the important prosurvival role of MCL-1 in
many normal tissues. MCL-1 is widely expressed,19 and essential
for embryonic development with homozygousMcl-1 loss in mice
resulting in failure to implant at the blastocyst stage.20 Condi-
tional gene knockout studies showed that MCL-1 plays a vital
role in the survival of cardiomyocytes,21,22 hematopoietic stem
cells,23 developing and mature lymphocytes,24-28 and in the
maintenance of oocytes in the ovarian reserve.29 Despite these
reports, little toxicity was observed in mice treated with doses
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of the MCL-1 inhibitor S63845 that ablates mouse lymphoma
cells.16 One caveat of these results is that S63845 has an ap-
proximately sixfold higher affinity for the human compared with
the mouse MCL-1 protein and it is therefore possible that the
mouse models used were not sensitive enough to reveal po-
tential on-target toxicities. Thus, it was pivotal tomore accurately
test the MCL-1 inhibitor S63845 in a preclinical model in which
theMcl-1 locus was humanized (huMcl-1) by replacing the native
coding region of the murine Mcl-1 locus with the huMCL-1
coding sequence. These huMcl-1mice are healthy and fertile, and
the intrinsic apoptotic pathway is intact in their cells, demon-
strating that the huMCL-1 protein can functionally fully replace the
murine protein. As predicted, cells from huMcl-1mice were more
sensitive to the MCL-1 inhibitor S63845 compared with wild-type
mouse cells, but not to other cytotoxic agents that induce apo-
ptosis. Accordingly, the maximum tolerated dose of S63845 was
lower in the huMcl-1 mice compared with their wild-type coun-
terparts. However, it was still possible to determine a therapeutic
window for S63845 treatment, both alone and in combination
with cyclophosphamide (CP), in a MYC-driven lymphoma model
expressing huMCL-1. These findings demonstrate the utility of
the huMcl-1 model to accurately determine the efficacy and
tolerability of S63845 andpotentially otherMCL-1 inhibitory drugs
in preclinical models of disease.

Materials and methods
Generation of huMcl-1 mice
Mice bearing the huMcl-1 allele were generated by Taconic
Biosciences GmbH (Cologne, Germany). The targeting vector
(Figure 1A) was transfected into the TaconicArtemis C57BL/
6NTac embryonic stem (ES) cell line. Correctly targeted ES
cells were injected into BALB/c blastocysts that were transferred
into pseudopregnant NMRI females to generate chimeric off-
spring for further breeding. The flippase recognition target (FRT)
site–flanked PuroR selection cassette was removed by crossing
chimeric mice with the flippase (Flpe)-expressing C57BL/6-Tg
(CAG-Flpe)2 Arte mice. Genotyping was performed by poly-
merase chain reaction (PCR) to confirm cassette removal, loss of
the Flpe transgene, and presence of the wild-type or humanized
Mcl-1 alleles (for PCR primers used, see supplemental Table 1,
available on the Blood Web site).

Coimmunoprecipitation, subcellular fractionation,
and western blotting
Thymocytes were isolated from Mcl-1wt/wt and Mcl-1hu/hu mice;
coimmunoprecipitation and subcellular fractionation was
performed as described previously.30 For immunoprecipitation,
2.5 mg of monoclonal antibody (14C11-20) against MCL-131

and G sepharose beads were used before being analyzed

by western blotting (antibodies listed in supplemental Table 2).
For all other western blots, cell lysates were prepared in radi-
oimmunoprecipitation assay (RIPA) buffer (supplemental Table 3)
supplemented with cOmplete protease inhibitor (Roche). Protein
concentration was determined by Bradford assay using the Pro-
tein Assay Dye Reagent Concentrate (Bio-Rad, Hercules, CA).
Samples of 15 mg of protein were prepared in Laemmli buffer
(supplemental Table 3), boiled for 5minutes, and size-fractionated
by gel electrophoresis on NuPAGE 10% Bis-Tris 1.5-mm gels
(Life Technologies) in 2-(N-morpholino)ethanesulfonic acid (MES)
buffer and then transferred onto nitrocellulose membranes (Life
Technologies) using the iBlotmembrane transfer system. Antibody
dilution and blocking were performed in 5% skim milk, 0.1%
Tween 20 in phosphate-buffered saline (PBS). For antibodies,
refer to supplemental Table 3, in-house antibodies.31,32 Luminata
ForteWestern horseradish peroxidase (HRP) substrate (Millipore,
Billerica, MA) was used for developing the signal, and mem-
branes were imaged and analyzed using the ChemiDoc XRS1
machine with ImageLab software (Bio-Rad).

Immunostaining and flow cytometry
Thymus, spleen, and bone marrow were harvested and single-
cell suspensions prepared in PBS (Gibco), 5 mM EDTA (Merck),
supplemented with 5% fetal bovine serum (FBS; Sigma-Aldrich)
for staining. Monoclonal antibodies (supplemental Table 4) were
obtained from eBioscience, BioLegend, or generated in-house.
Streptavidin-phycoerythrin (PE; BioLegend) was used to detect
biotinylated antibodies. Propidium iodide (PI; 1 mg/mL) was
used to exclude dead cells. Whole-organ cell counts were de-
termined by the CASY counter (Schärfe SystemGmbH) (Figure 1;
supplemental Figure 1) or by mixing a known concentration
of APC Calibrite beads (Becton Dickinson) with each sample
(Figure 3; supplemental Figure 3). Data were collected using
LSR II, LSRFortessa, or LSRFortessa X-20 analyzers and examined
using FlowJo 10 (Becton Dickson).

Tissue-culture and cell-viability assays
Em-Myc lymphoma cell lines were maintained as previously
described.9 For all experiments, viability was determined
by resuspending cells in Annexin V–binding buffer (0.1 M
N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid [HEPES;
pH 7.4], 1.4 M NaCl, 25 mM CaCl2) containing PI (1 mg/mL)
and fluorescein isothiocyanate (FITC)- or Alexa Fluor 647–
conjugated Annexin V (generated in-house). Spleen and thymi
were harvested and single-cell suspensions prepared. To isolate
B cells, splenocytes were pelleted and resuspended in 1 mL
of red cell lysis buffer (156 mM ammonium chloride [BDH],
11.9 mM sodium bicarbonate [Merck], EDTA [Sigma-Aldrich])
for 5 minutes to deplete erythrocytes. Cells were then stained
with biotinylated antibodies against CD4, CD8, MAC-1, and

Figure 1. Humanized Mcl-1 mice show no defects under steady-state conditions. (A) Schematic representation of the murine Mcl-1 gene locus, the huMcl-1 targeting
vector and the correctly targeted alleles, before and after Flpe-mediated recombination. (B) Offspring sex frequency of Mcl-1hu/hu mice and Mendelian ratios from
intercrosses of Mcl-1wt/hu mice. (C) Thymocytes were isolated from Mcl-1hu/hu and Mcl-1wt/wt mice. MCL-1 protein (mouse and human) expression was detected by western
blotting. Probing for heat shock protein 70 (HSP70) served as a loading control. (D-G) Single-cell suspensions were prepared from spleen, thymus and bone marrow of
Mcl-1hu/hu andMcl-1wt/wt mice and cell subsets were determined by immunostaining and FACS analysis. Data are presented as mean6 SEM, significance determined by the
Student t test. (D) Representative FACS plot of B-cell development in the bone marrow (top) and total cell numbers per femur (bottom panels). Pro-B/pre-B (B220loIgM2),
immature B (B220loIgMmid), transitional B (B220lo-hiIgMhi), and mature (B220hiIgMmid) B cells. (E) Representative FACS plot of peripheral B cells in the spleen (top) and
total cell number (bottom). B cells defined as follicular (IgM1IgD1) and marginal zone (IgM1IgDlo) B cells. (F) Representative FACS plot analyzing T-cell development
in the thymus (top) and total cell numbers calculated for each population (bottom panels). Immature double-negative thymocytes (DN; CD42CD82), double-positive
thymocytes (DP; CD41CD81), and the mature CD4 and CD8 single-positive populations. (G) Representative FACS plot of peripheral T cell distribution (top) in the spleen
as well as total cell numbers of CD4 and CD8 single-positive T cell populations (bottom panel). Ig, immunoglobulin.
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Figure 2. The apoptosis machinery remains intact in humanizedMcl-1mice. (A) Thymocytes and splenocytes were isolated fromMcl-1hu/hu andMcl-1wt/wt mice. Expression of
MCL-1, BCL-2, BCL-XL, A1, BIM, and PUMA was detected by western blotting. Probing for HSP70 served as a loading control. Representative blots are shown. (B) Quantification
of expression levels of BCL-2 family proteins in thymocytes and splenocytes from huMcl-1 (n5 9) and wild-type (n5 10) mice determined by western blotting. Chemiluminescent
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GR-1 (supplemental Table 4) to enrich for B cells by MagniSort
Streptavidin Negative Selection Beads (Thermo Fisher), as per
the manufacturer’s protocol. Isolated B cells and thymocytes, and
Em-Myc lymphoma cell lines, were seeded at 53 104 cells per well
in media,9 in triplicate per condition, in 96-well flat-bottomed
plates and treated with indicated drugs (S63845 [Servier], dexa-
methasone, etoposide, phorbolmyristate acetate [PMA], ionomycin
[Sigma-Aldrich], ABT-199 [Active Biochem]) for the indicated times.
The 50% inhibitory concentration (IC50) values were determined
using nonlinear regression algorithms in Prism (GraphPad).

Animals and in vivo drug treatments
The care and use of mice for experimental purposes were carried
out in accordance with the requirements set out by The Walter
and Eliza Hall Institute (WEHI) Animal Ethics Committee. HuMcl-
1mice are described in “Generation of huMcl-1mice”; Em-Myc33

andMcl-11/225 have been described previously. All mice are kept
on a C57BL/6-Ly5.2 background. The huMcl-1 allele was bred
onto a C57BL/6-Ly5.1 background for use as recipient animals
for all transplant experiments. Single-cell suspensions of 13 105

Em-Myc lymphoma (Ly5.2) cells in PBS were injected into 8- to
12-week-old huMCL-1;Ly5.1 recipient mice by IV tail-vein in-
jection. Recipient mice were sex matched to transplanted tumors.
Working solutions of cyclophosphamide (CP) and 5-fluorouracil
(5-FU; Sigma-Aldrich) were prepared in PBS. CP was administered
by intraperitoneal injection, 5-FU by IV tail-vein injection. S63845
(Servier) was formulated extemporaneously and protected from
light in 2% vitamin E/d-a-tocopheryl polyethylene glycol 1000
succinate (Sigma-Aldrich) in NaCl 0.9% (wt/vol) and delivered by
IV tail-vein injection at the indicated doses and schedule. Mice
were monitored for sickness and euthanized when deemed unwell
by experienced mouse technicians.

Statistical analysis
Prism software (GraphPad) was used to generate survival
curves and perform all statistical testing of data. All data are
presented as mean plus or minus standard error of the mean
(SEM) unless stated otherwise. P values of ,.05 were con-
sidered significant.

Results
Generation of the huMcl-1 mouse model
The humanizedMcl-1 (huMcl-1) mouse model was generated by
standard gene targeting in C57BL/6 ES cells. Expression of the
huMCL-1 protein under the control of the murine Mcl-1 regu-
latory regions was achieved by substitution of the exons and
interspersing introns of the mouseMcl-1 locus with the huMCL-1
exon/intron sequences, while maintaining the flanking 59 and
39 untranslated regions (UTR) of the genomic locus of the mouse
(Figure 1A). Homozygous loss ofMcl-1 causes embryonic lethality

prior to embryonic day 4 inmice.20 Furthermore, changes in the 59
UTR of themurineMcl-1 locus resulted in infertility in homozygous
male Mcl-1 floxed mice.31,34 Importantly, the humanization of
MCL-1 in mice had no impact on embryonic development or
fertility in both female and male Mcl-1hu/hu offspring, with the
expected Mendelian ratios and sex distribution observed in in-
tercrosses of Mcl-1wt/hu mice (Figure 1B). Western blot analysis of
thymocytes from huMcl-1mice showed efficient expression of the
huMCL-1 protein, as evidenced by the predicted size difference
between themouse andhuMCL-1proteins (human, 38 kDa;mouse,
35 kDa; Figure 1C). A cohort of huMcl-1 mice was aged
for .600 days with no obvious defects evident.

huMcl-1 mice have normal hematopoietic cell
subset distribution
Fluorescence-activated cell sorter (FACS) analysis of the bone
marrow revealed no differences in the frequencies and numbers
of pro-B/pre-B (B220loIgM2), immature B (B220loIgM1), transitional
B (B220midIgMhi), or mature B (B220hiIgMlo) cell subsets between
huMcl-1 mice and wild-type controls (Figure 1D). There were also
no abnormalities in IgM1 or IgD1 peripheral B lymphocytes in the
huMcl-1 mice (Figure 1E). The frequencies and numbers of the
stages of thymocyte development, as determined by staining for
CD4 and CD8, were also comparable between huMcl-1 mice and
wild-type controls (Figure 1F). Moreover, huMcl-1mice had normal
frequencies and numbers of mature CD41 and CD81 T lympho-
cytes in the spleen (Figure 1G), with normal distributions of naive
(CD62L1CD442), effector memory (CD62L2CD441), and central
memory (CD62L1CD441) CD41 T cells (supplemental Figure 1A).
Finally, the huMcl-1 mice had no perturbations in macrophage/
monocyte (MAC-11GR-1lo) and neutrophil populations (MAC-11

GR-1hi) in the bone marrow and spleen (supplemental Figure 1B).

huMCL-1 protein can functionally replace mouse
MCL-1 within the apoptotic machinery
It is possible that other BCL-2 family proteins are differentially
expressed to compensate for the expression of huMCL-1 instead
of mouse MCL-1 protein in vivo. To investigate this, we carried
out western blotting on protein extracted from thymocytes and
splenocytes from huMcl-1 mice and wild-type controls. No
differences in expression of proapoptotic BIM and PUMA or
prosurvival BCL-2, BCL-XL, or A1 were observed (Figure 2A-B).
The affinities of the antibodies used to detect the mouse MCL-1
vs huMCL-1 proteins is unknown, thus we could not compare the
relative protein expression by western blot. To assess whether
the huMCL-1 protein expressed in mouse cells can interact
with the endogenous mouse proapoptotic BCL-2 relatives, co-
immunoprecipitation assays were performed on thymocyte ex-
tracts. This revealed that in mouse cells, the huMCL-1 protein
could bind mouse BIM and BAK in a similar manner as mouse
MCL-1 (Figure 2C). Additionally, subcellular fractionation of

Figure 2 (continued) signals from each protein were normalized to the HSP70 loading control signal and plotted as arbitrary units; significance calculated by multiple
Student t tests. (C) Lysates were prepared from thymocytes from huMcl-1 and wild-type mice and subjected to immunoprecipitation with an MCL-1 (binds both the mouse
MCL-1 and huMCL-1 proteins) specific antibody. The immunoprecipitated material was immunoblotted for MCL-1 (left panel), BAK (middle panel), and BIM (right panel).
Pulled-down fraction shown in top panels with whole-cell lysate (WCL) and unbound fractions shown below. (D) Thymocytes and splenic B cells were isolated from huMcl-1
and wild-type mice and exposed in culture to the indicated cytotoxic stimuli. Cell viability at 24 and 48 hours was assessed by Annexin V/PI staining and FACS analysis. (E)
Thymocytes and splenic B cells were isolated from huMcl-1 and wild-type mice and treated with the MCL-1 inhibitor S63845 at the indicted concentrations. Cell viability at
indicated time points was assessed by Annexin V/PI staining and FACS analysis. Data are presented as mean6 SEM; significance calculated by multiple Student t tests at
each time point; *P , .05, **P , .01, ***P , .001, ***P , .0001. (F) Mice of the indicated genotypes were treated with a single dose of 150 mg/kg body weight 5-FU and
survival monitored. Kaplan-Meier curves are shown; statistical analysis was performed by the log-rank (Mantel-Cox) test; *P , .05. DMSO, dimethyl sulfoxide; IP,
immunoprecipitation; MW, molecular weight; ns, not significant; WB, western blot.
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thymocytes and splenocytes showed that huMCL-1 is mainly
localized to the mitochondrial outer membrane, as is the case for
mouse MCL-1 (supplemental Figure 2A). It is reported that the
MCL-1 protein is stabilized upon binding to S63845.16 Stabili-
zation of both huMCL-1 and mouse MCL-1 protein was evident
in thymocytes isolated from Mcl-1wt/hu heterozygous mice that
were treated ex vivo with S63845 (supplemental Figure 2B). To
functionally assess the huMCL-1 protein, cells from the huMcl-1
mice and wild-type control mice were exposed to different
cytotoxic stimuli in vitro. Importantly, survival of thymocytes
and B cells from the huMcl-1 mice and control mice were
comparable (Figure 2D). As predicted, thymocytes and B cells
from the huMcl-1 mice were more sensitive to the MCL-1
inhibitor S63845 than those from wild-type mice (Figure 2E).
The increased sensitivity to S63845 only became obvious at
higher doses in thymocytes. This is likely due to the fact that
CD41CD81 thymocytes rely on both MCL-1 and BCL-XL for
survival.27 More striking differences were observed in B cells
after 6 hours of treatment at lower doses of the MCL-1 inhibitor
(Figure 2E; supplemental Figure 2C). In determining the IC50

of S63845, it became apparent that the huMCL-1–expressing
B cells are about 7 or 4 times more sensitive to this compound
compared with their wild-type counterparts at 24 h and 48 h,
respectively (supplemental Figure 2D-E).

Next, the ability of huMCL-1 protein expressed in mouse cells to
function within a whole animal was examined. MCL-1 is required
for the maintenance of hematopoietic stem/progenitor cells23

and also for emergency hematopoiesis following myeloablative
chemotherapy.35 The latter was demonstrated by the observa-
tion that Mcl-1wt/2 mice were compromised in their recovery
following 5-FU treatment. We exposed huMcl-1, Mcl-1wt/2 (as a
control), and wild-type mice to a single dose of 5-FU (150 mg/kg
body weight) and examined hematopoietic recovery over a
21-day period. As reported,35 most Mcl-1wt/2 mice did not re-
cover from 5-FU treatment, whereas huMcl-1 mice recovered as
well as the wild-type controls (Figure 2F). Collectively, these
findings demonstrate that huMCL-1 is functional and the overall
apoptotic machinery is intact in cells from the huMcl-1 mice,
both in vitro and in vivo. Furthermore, as predicted, these cells
show increased sensitivity to the MCL-1 inhibitor S63845.

Determining the maximum tolerated dose of
S63845 in huMcl-1 mice
Given the binding affinity of S63845 is approximately sixfold
higher for huMCL-1 compared with mouse MCL-1 protein,16 we
determined themaximum tolerated dose (MTD) of S63845 in the
huMcl-1mice. Treatment of huMcl-1mice on 5 consecutive days
IV with doses ranging from 5 to 25 mg/kg body weight estab-
lished an MTD of S63845 as high as 12.5 mg/kg (Figure 3A). All
mice treated with 25 mg/kg S63845 needed to be euthanized

due to increased respiration and inability to rise or ambulate.
However, the exact cause of death could not be determined.
Because the tolerability of the drug was considerably higher in
wild-type mice, which all survived the 25mg/kg dosing schedule
(Figure 3A) and have previously been shown to have an MTD of
40 mg/kg,16 this demonstrates that the huMcl-1 mice are more
sensitive to the MCL-1 inhibitor S63845.

S63845 exerts no enduring toxicity in the huMcl-1
mice at the MTD
There have been many reports on the importance of MCL-1 in
several vital tissues21-29 raising the question of whether an
MCL-1 inhibitor would find its therapeutic use in the clinic.
Previously and unexpectedly, it was shown that S63845 exerts
very little toxic effects at the MTD in mice expressing mouse
MCL-1.16 However, given the higher affinity of S63845 for
huMCL-1, we revisited this finding by treating huMcl-1 and
wild-type control mice for 5 consecutive days with either ve-
hicle or 12.5 mg/kg S63845 and monitored the acute im-
pact and recovery 3 or 17 days posttreatment, respectively.
In the huMcl-1 mice, the pro-B/pre-B (B220loIgM2), immature
B (B220loIgM1), transitional B (B220midIgMhi), and mature
B (B220hiIgMlo) B cells in the bone marrow were signifi-
cantly reduced at 3 days but mostly recovered at 17 days
posttreatment (Figure 3B-C). Similar observations were made
for B cells in the blood (supplemental Figure 3A) and spleen
(Figure 3D). Despite the reduction in splenic B cells, an increase
in cellularity was noted in the spleens of all huMcl-1 mice
treated with S63845 3 days following treatment, but these
values normalized at 17 days posttreatment (supplemental
Figure 3B). FACS analysis revealed that the increased splenic
cellularity was due to an increase in EryA (Lineage2Ter119hiCD711

FSC-Ahi) and EryB (Lineage2Ter119hiCD711FSC-Alo) erythrocyte
progenitor populations, with the more mature EryC (Lineage2

Ter119hiCD712FSC-Alo) remaining stable throughout the experi-
ment (supplemental Figure 3D). Moreover, the red blood
cell counts in the blood showed a modest reduction at day 3
posttreatment, but again these numbers completely recovered
at day 17 (supplemental Figure 3E). No significant changes
were observed in the Lineage2SCA-11c-KIT1 (LSK) population
in the bone marrow (Figure 3E) of the S63845-treated huMcl-1
mice. A trend toward neutrophil reduction in the bone marrow
was seen at day 3, however, this did not reach statistical sig-
nificance (Figure 3E). No reductions in neutrophils were seen
in the spleen (supplemental Figure 3F). Moreover, there
were no changes in the numbers of mature CD41 and CD81

T cells (Figure 3F), immature double-negative (DN1-4; Line-
age2TCRb2CD42CD82), and double-positive (DP; CD41CD81)
thymocytes or mature T cells (T-cell receptor b–positive)
in the spleen of S63845-treated huMcl-1 mice (supplemental
Figure 3G). Histological analysis revealed increased size and loss

Figure 3. S63845 exerts no enduring toxicity in the huMcl-1 mouse model at the MTD. (A) Kaplan-Meier survival curves of huMcl-1 or wild-type mice treated for 5
consecutive days with vehicle or increasing doses of S63845, as indicated. (B-H) The huMcl-1 and wild-typemice were treated with 5 consecutive doses of 12.5 mg/kg S63845
or vehicle. At 3 or 17 days posttreatment, organs were harvested for analysis. (B-F) Single-cell suspensions were prepared from spleen, thymus, and bone marrow ofMcl-1hu/hu and
Mcl-1wt/wtmice and cell subsets were determinedby immunostaining and FACS analysis. Data are presented asmean6 SEM, significance determined by the Student t test. *P, .05,
**P, .01. (B) Representative FACS plot of B cells in the bone marrow and (C) total cell numbers per femur. B cells defined as pro-B/pre-B (B220loIgM2), immature B (B220loIgMmid),
transitional B (B220lo-hiIgMhi), andmature B cells (B220hiIgMmid). (D) Total numbers of B cells in the spleen (B2201) (E) LSK cells (Lineage2SCA-11c-KIT1) andmacrophages/monocytes
(MAC-11GR-1lo) in the bonemarrow (F) andmature T cells (CD41 orCD81) in the thymus at indicated timepoints. (G) Representative hematoxylin-and-eosin (H&E)-stained section of
spleens from huMcl-1 or wild-type mice that had been treated with 12.5 mg/kg S63845 or vehicle and were harvested at either 3 or 17 days posttreatment. (H) Representative H&E-
stained sections of various organs, as indicated, from huMcl-1 mice treated with 5 consecutive doses of 12.5 mg/kg S63845 or vehicle 3 days after treatment had ceased.
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of normal architecture of the spleen, which complements the FACS
data (Figure 3G). Histological analysis of major organs revealed
no damage in response to S63845 (Figure 3H). These data indicate
that S63845 treatment can be tolerated in huMcl-1mice, with only
a transient reduction of certain hematopoietic cell subsets.

Em-Myc cell lines expressing huMCL-1 are more
sensitive to S63845
To test whether malignant cells also demonstrated an increased
sensitivity toward MCL-1 inhibition with S63845, huMcl-1 mice were
crossed with the Em-Myc–transgenic animals. Although the latency
and tumor phenotype did not differ between mouse or huMCL-1–
expressing Em-Myc mice (Figure 4A-B), the in vitro sensitivity of lym-
phoma cell lines generated from sick Em-Myc;huMcl-1 mice toward
S63845 was approximately sixfold higher compared with control Em-
Myc lymphoma cells expressing mouse MCL-1 (25 nM vs 160 nM,
respectively; Figure 4C-D). Conversely, there was no significant dif-
ference in sensitivity when these cells were treated with etoposide
or the BCL-2–specific BH3 mimetic ABT-199/venetoclax (supple-
mental Figure 4A-B), providing evidence that the increased sensitivity
is due to the higher affinity of S63845 to the huMCL-1 protein.

Regression of huMcl-1;Em-Myc lymphomas in vivo
after treatment with S36845, either alone or in
combination with cyclophosphamide
To test the sensitivity of Em-Myc lymphomas expressing
huMCL-1 to S63845 in vivo, we transplanted huMcl-1;Em-Myc
lymphoma cell lines into huMcl-1;Ly5.1 recipient mice (ie, both
lymphoma and normal cells expressed huMCL-1). After 3 days, mice
were treated for 5 consecutive days with vehicle or 12.5 mg/kg
S63845 and monitored for signs of sickness. Sixty percent
of mice were cured at this dose (Figure 4E; supplemental
Figure 4C). Next, we aimed to improve tumor-free survival in
mice transplanted with huMcl-1;Em-Myc lymphoma cell lines. To
this end, huMcl-1;Em-Myc lymphoma cell lines were trans-
planted into huMcl-1;Ly5.1 recipient mice and 2 days later
treated with vehicle or a low dose of CP (50 mg/kg). Three
days later, mice were treated for 5 consecutive days with a low
dose of S63845 (7.5 mg/kg). Treatment with 50 mg/kg CP or
7.5 mg/kg S63845 by themselves resulted in ;50% or ;25%
long-term tumor-free survival, respectively. Excitingly though,
only 1 mouse became sick with lymphoma in the CP plus S63845
combination treatment, thereby increasing the tumor-free sur-
vival to almost 100% (Figure 4F; supplemental Figure 4D). For
Em-Myc lymphoma lines that previously showed regression at
12.5 mg/kg body weight S63845 (hME160, hME184, hME273;
supplemental Figure 4C), tumor-free survival could be achieved
with as little as 3.75 mg/kg body weight S63845 in combination
with CP (Figure 4G). These findings, in a highly relevant mouse
model in which both the lymphoma cells and the normal cells
express huMCL-1, clearly demonstrate that there is a therapeutic
window for S63845, and that the efficacy can be enhanced by
combining treatment with cyclophosphamide.

Discussion
Here, we describe a novel humanized Mcl-1 mouse model, in
which huMCL-1 protein is expressed instead of mouse MCL-1
under the control of themouseMcl-1 regulatory regions. Normal
embryonic development and fertility of the Mcl-1hu/hu mice is
noteworthy given that even small changes to the Mcl-1 locus

or loss of only 1 allele have consequences in adult mice,31,34

with homozygous loss of Mcl-1 being very early embryonic
lethal.20 Notably, the intrinsic apoptotic pathway remains intact in
cells from the huMcl-1 mice with no detectable compensatory
changes in the levels of other antiapoptotic or proapoptotic
BCL-2 family proteins (Figure 2). This is critical because the
expression of certain BCL-2 family member(s) could be expected
to change to compensate for loss of another. For example,
tumor cells can acquire resistance to inhibitors of BCL-2, BCL-XL,
and BCL-W (eg, ABT-737) by upregulating MCL-1.36 Because
the huMcl-1 mice are normal and their cells have normally
functioning apoptotic machinery, they represent an ideal model
to predict tolerability and efficacy of MCL-1 inhibitors.

MCL-1 is regarded as an exciting therapeutic target due to its
requirement for the sustained growth of many cancers, and
S63845 has been developed as a highly selective and potent
MCL-1 inhibitor. A so-far unique feature for BH3 mimetics is that
S63845 binds more tightly to human compared with mouse
MCL-1, and one could imagine that any newly generated
compounds targeting MCL-1 would likely bind in the same re-
gion, and therefore, will likely have similar properties. Because
previous in vivo experiments have all been conducted with
mouse MCL-1 as the target, it was difficult to ascertain whether
the results are truly reflective of the therapeutic potential of
S63845 and, perhaps more importantly, its safety. Our studies
using the huMcl-1 mouse model support the notion that a
therapeutic window for MCL-1 inhibitors might be established,
with a transient loss of B cells being the most significant side
effect observed at doses of S63845 that could halt lymphoma
growth in a substantial fraction ofmice. These datamaybe viewed
as conflicting with previous data showing the importance of
MCL-1 in many essential normal cell types, such as cardiomyocytes.
We believe that the lack of significant side effects is due to the
transient action and hence inhibition of MCL-1 by S63845, in
contrast to the irreversible loss of MCL-1 elicited by genetic
deletion. Additionally, it is not yet known whether administered
S63845 is available in all organs throughout the mouse, which
may further explain the differences seen between genetic de-
letion vs drug-mediated inhibition of MCL-1. Further pharma-
cokinetic studies must be performed to address this question.

Although S63845 appears to be relatively well tolerated, as
previously shown in mice expressing mouse MCL-1, we have
shown that S63845’s higher affinity for huMCL-1 vs mouse
MCL-1 is relevant in vivo with the MTD of S63845 in huMcl-1
mice being ;3 times lower than that seen in wild-type mice.
Although the MTD of S63845 was determined within a 5-day
treatment window only, it would also be desirable to determine
the MTD after a much longer treatment period to mimic po-
tential clinical use as applied for other inhibitors of prosurvival
BCL-2 proteins, such as ABT-199/venetoclax.14 However, we are
unable to carry out these experiments due to animal ethics
restrictions that regulate the number of daily IV injections that
a mouse can receive, particularly if a curative regime can be
achieved with fewer injections as demonstrated in this study
(Figure 4). We anticipate that the the huMcl-1 mouse model will
be invaluable for future preclinical work using S63845 (and other
MCL-1 inhibitors) for determining a therapeutic window for
treatment of cancers and possibly other diseases in whichMCL-1
is important. As a proof of principle, we generated huMcl-1;
Em-Myc lymphomas and showed that they are more sensitive to
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S63845, both in vitro and in vivo, than Em-Myc lymphomas
expressing mouse MCL-1. The observation that huMcl-1 mice
could tolerate doses of S63845 that could prevent growth of
huMcl-1;Em-Myc lymphomas reinforces the notion that a ther-
apeutic window of MCL-1 inhibitors may be established in the
clinic. Although phase 1 clinical trials with MCL-1 inhibitors have

recently commenced, it is important to generate relevant pre-
clinical data in different cancer models using huMcl-1mice. This
will help reach rational decisions on which malignancies will
benefit the most and to determine which other anticancer agents
can cooperate with MCL-1 inhibitors in tumor cell killing and still
be tolerable as a combination therapy.
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Figure 4. HuMcl-1;Em-Myc lymphoma cells are more sensitive to S63845 compared with control Eu-Myc lymphoma cells expressing mouse MCL-1. (A) Em-Myc–
transgenic mice that were Mcl-1wt/wt, Mcl-1wt/hu, or Mcl-1hu/hu were aged and monitored for tumor-free survival. Kaplan-Meier survival curve shown with median latency for
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6.2 Supplemental material 

 

Supplementary Figure 1. Humanized Mcl-1 mice show no 
defects under steady state conditions. (A) Splenocytes were isolated 
from Mcl-1hu/hu and Mcl-1wt/wt mice and hematopoietic cell subsets were 
determined by immuno-staining of cell surface markers and FACS analysis. 
CD4+ cells were further subdivided into naïve (CD62l+CD44-), effector 
memory (CD62l-CD44+) and central memory (CD62l+CD44+) 
populations. Percentages (representative FACS plot) and total cell numbers 
are shown. (B) Bone marrow and splenocytes were isolated from huMcl-1 
and wild-type mice and immunostained for MAC1 and GR1 on the cell 
surface and analyzed by flow cytometry. Total numbers of 
macrophages/monocytes (MAC1+GR1lo) and neutrophils (MAC1+GR1hi) 
were calculated. Data presented as mean ± SEM; significance determined 
by students t-test.  
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Supplementary Figure 2. The apoptosis machinery remains 
intact in humanized Mcl-1 mice. (A) Thymocytes and splenocytes 
were isolated from Mcl-1wt/wt and Mcl-1hu/hu mice and subject to 
fractionation to separate supernatant (S, cytosol fraction) and pellet (P, 
mitochondria containing fraction) and immunoblotting for MCL-1. 
Probing for GAPDH and BAK served as a loading controls for the S and P 
fractions respectively. (B) Thymocytes were isolated from MCL-1wt/hu mice 
and cultured with 1 μM S63845 and 25 μM QVD for the indicated 
timepoints before immunoblotting for MCL-1. Probing for HSP70 served 
as a loading control. (C-D) Splenic B cells were isolated from huMcl-1 and 
wild-type mice and cultured with the MCL-1 inhibitor S63845 at the 
indicted concentrations. Cell viability was assessed at 6 or 24 h by 
AnnexinV/PI staining and flow cytometric analysis. Data are either 
presented as mean ± SEM (C); significance calculated by multiple t-tests at 
each time point, ****=p>0.0001, or IC50 values calculated from a range of 
concentrations (D-E). 
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Supplementary Figure 3. S63845 exerts no enduring toxicity in 
the huMcl-1 mouse model at the MTD. HuMcl-1 and wild-type mice 
were treated with 5 consecutive doses of 12.5 mg/kg bodyweight S63845 or 
vehicle. Organs were harvested for analysis at days 3 or 17 post-treatment. 
Single cell suspensions were prepared from peripheral blood, spleen, 
thymus and bone marrow of these mice and cell subsets determined by 
immuno-staining and flow cytometric analysis. Data are presented as mean 
± SEM; significance determined by students t-test. *=p>0.05, **=p>0.01, 
***=p>0.001, ***=p>0.0001 (A) Percent B cells (B220+) in peripheral 
blood. (B) Absolute cell numbers in the spleen. (C) Representative FACS 
plots and (D) total numbers of erythroid progenitors in the spleen defined 
as EryA (Lineage-TER119hiCD71+FSC-Ahi), EryB (Lineage-

TER119hiCD71+FSC-Alo) and EryC (Lineage-TER119hiCD71-FSC-Alo). 
(E) Total erythrocyte numbers in peripheral blood (Advia analysis) (F) Total 
neutrophil numbers (MAC1+GR1hi) in the spleen. (G) Total numbers of T 
cells in the spleen (TCRβ+) and immature T cells in the thymus, defined as 
double positive (DP, CD4-CD8-) and double negative (DN, Lineage-TCRβ-

CD4-CD8-), which were further subdivided into DN1 (CD25-CD44+), DN2 
(CD25+CD44+), DN3 (CD25+CD44-), DN1 (CD25-CD44-).  
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Supplementary Fig. 4. HuMcl-1;Eμ-Myc lymphoma cells are 
more sensitive to S63845 compared to control Eu-Myc 
lymphoma cells expressing mouse MCL-1. (A-B) Viability of Eμ-Myc 
lymphoma cells that are wild-type for Mcl-1 (n=2-4, white bars) or 
homozygous for the huMcl-1 allele (n=4, black bars) after treatment with the 
indicated concentrations of ABT199/Venetoclax (A) and etoposide (B). Cell 
viability was determined by AnnexinV/PI staining and FACS analysis. (C-
D) Kaplan-Meier animal survival curves showing individual cell line 
responses to S63845 treatment. huMcl-1;Ly5.1 mice were transplanted with 
huMcl-1;Eμ-Myc lymphomas as labeled,  and treated with vehicle, S63845 
alone (doses as indicated) for 5 consecutive days (C) or S63845 in 
combination with cyclophosphamide (D).  
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Supplementary Table 1. Genotyping primers. 

 

Supplementary Table 2. Co-immunoprecipitation reagents.  
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Supplementary Table 3. Western blot reagents. 

 

Supplementary Table 4. Antibodies for flow cytometry and B cell enrichment. 
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Chapter 7 Conclusions and future perspectives 
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7.1 HECTD1 

In Chapters 3-5 of this thesis I presented the first data on HECTD1 function in adult 

tissues in vivo. In my studies I focused on assessing the role of HECTD1 in the 

haematopoietic system of adult mice as the role of HECTD1 had not been assessed in 

adult tissues and expression data on the ImmGen database suggest it is expressed in 

haematopoietic cells. The loss-of-function studies that I carried out revealed that 

HECTD1 plays multiple roles during normal and malignant haematopoiesis. Firstly, 

HECTD1 loss resulted in modest, but significant perturbations in T cell populations, 

and this appears to correlate with CD44 expressing cells. Secondly, 

HECTD1-deficiency resulted in a defect in self-renewal capacity and an increased 

expression of IFN-regulated genes in HSPC populations. Finally, I uncovered a 

potential role for HECTD1 in haematological malignancy, as loss of HECTD1 resulted 

in a delay in tumour onset in MLL-AF9 driven AML in vivo. These findings clearly 

increase our understanding of the function of HECTD1 in the haematopoietic system, 

both in normal cells and malignant cells. However, the mechanisms by which HECTD1 

regulates these processes remain mostly unresolved.  

HECTD1 is an E3 ubiquitin ligase, and in order to understand its function at the 

molecular and biochemical levels, the targeted protein(s) and types of ubiquitination 

made by HECTD1 need to be identified. Most of the work that has described HECTD1 

substrates was performed using ectopic- or over-expression of HECTD1 in cell lines, 

often yielding conflicting results. For example, HECTD1 was shown to negatively 

regulate migration in cranial mesenchymal cells159 and MEFs163, but to positively 

regulate migration in a breast cancer-derived cell line164. These discrepancies may be 

due to HECTD1 functioning in a cell-type specific manner. In vivo studies have shown 

that HECD1, the C. elegans homologue of HECTD1, acts as a positive regulator of 

NOTCH signalling during gonad development, and conversely as a negative regulator 

during germline proliferation156. I have shown that HECTD1-deficiency impacts 

various hematopoietic cell types in vivo. Therefore, it is possible that HECTD1 functions 

in multiple signalling pathways and cellular processes, or acts in common pathways but 

in a cell type specific manner. To further address these questions detailed proteomic 

analysis in several different cell types will be needed to identify the critical substrates of 
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HECTD1 and this should then reveal the signalling pathways that are regulated by 

HECTD1. Ultimately, the findings from such investigations may provide clues to 

manipulate the function of HECTD1 or one of its substrates in diseases, such as AML.   

7.1.1 T cells, AML and NOTCH signalling 

By generating chimaeric mice in which HECTD1 was lost only in the haematopoietic 

system, I showed that HECTD1-deficiency resulted in an increase in mature T cells in 

the periphery. Further analysis of CD4SP T cells in the spleen showed that there was 

an increase in naïve CD4SP T cells with a concomitant decrease in effector and central 

memory CD4SP T cells (Figures 3.5, 4.9), both of which express CD44 on their cell 

surface. Furthermore, in the thymus, expression of CD44 on CD4SP and CD8SP cells 

was significantly reduced by ~40% compared to the corresponding cells from wt mice 

(Figures 3.5, 4.8). As discussed earlier (Section 3.4.2), it has been reported that CD44, 

like HECTD1, is involved in the regulation of cell adhesion, cell migration and cancer 

metastasis288 (Section 1.2.4-5). Therefore, it is possible that HECTD1 regulates CD44 

surface expression through ubiquitination. To address this question, Hectd1fl/fl mice 

(Figure 3.1A) could be crossed to a T cell specific Cre recombinase mouse strain, such 

as LCK- or CD4-Cre, to delete HECTD1 specifically in the T cell lineage. Since 

CD44-deficiency results in a reduced ability of T cells to home to the thymus327, we 

would hypothesise that a similar phenotype would be observed when HECTD1 is lost 

specifically in T cells if HECTD1 acts through regulation of CD44. The precise location 

of T cells in the lymphoid organs of such HECTD1-deficient mice would be of interest 

and could be assessed by immuno-histochemical staining of tissue sections and 

microscopic examination.  

It is possible that HECTD1 may regulate CD44 expression levels indirectly. As 

mentioned earlier HECD1, the HECTD1 homologue in C. elegans, has been shown to 

either positively or negatively regulate NOTCH signalling depending on the cell 

type156. We also know that NOTCH signalling plays many roles in early thymocyte 

development328. Additionally, a role for NOTCH signalling in the regulation of 

peripheral T cell activation has been described329. In the latter study, enforced 

NOTCH1 signalling (mediated by an activating anti-NOTCH1 antibody) in vivo 
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suppressed naïve T cells activation in response to antigen, i.e. fewer CD44+ cells 

compared to control cells were present with increased NOTCH1 signalling. This 

phenotype is similar to the impact of loss of HECTD1 on T lymphoid cells in vivo. It is 

therefore possible that HECTD1 is a negative regulator of NOTCH signalling in 

peripheral T cells, such that excess NOTCH signalling induced through the deletion of 

HECTD1 may inhibit the differentiation of mitogen or antigen activated T cells into 

an effector state. In order to test this hypothesis, I could sort Hectd1-/- and wt naïve 

T cells and activate them in vitro with antibodies against CD3 and CD28 to test whether 

upon stimulation, Hectd1-/- T cells display defects in their proliferation and/or 

differentiation. This idea correlates with the data I presented in Chapter 5 where I 

showed that the loss of HECTD1 delays MLL-AF9 driven AML development.  

NOTCH has been shown to act as a tumour suppressor in AML by inducing cell cycle 

arrest, apoptosis and differentiation203,204. If HECTD1 does negatively regulate 

NOTCH signalling, then we would expect an increase in NOTCH signalling in 

Hectd1-/-;MLL-AF9 tumour cells which could explain the delay in the development of 

AML. To test this hypothesis, NOTCH1 regulated genes, such as Hes1, could be 

analysed by qPCR in pre-malignant haematopoietic cells transduced with the 

MLL-AF9 expression, with or without expression of HECTD1.  

While all the above-mentioned models of HECTD1 function rely on a functional 

interaction between NOTCH and HECTD1, it is also possible that HECTD1 acts in 

one or several different signalling pathways. To address this question, proteomic 

analysis of naïve T cells or pre-malignant MLL-AF9-expressing haematopoietic cells 

(wt or Hectd1-/-) could be performed to identify protein substrates of HECTD1 and 

thereby obtain clues to the signalling pathways that may be regulated by this E3 

ubiquitin ligase.  

7.1.2 Haematopoietic stem cells and interferon signalling 

Further to the perturbations in T cell populations, I observed a critical function of 

HECTD1 in HSCs (Chapter 4). My experiments showed that Hectd1-/- HSCs are 

functionally impaired as shown by competitive transplant and secondary 

haematopoietic reconstitution experiments (Figures 4.10-11). This suggests that 
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HECTD1 may play a role in maintaining the self-renewal of HSCs. To understand the 

mechanism as to how HECTD1-deficiency results in a defect in the self-renewing 

capacity of HSCs, I performed whole genome RNA sequencing on LSK cells 

(containing HSCs and MPPs) isolated from the foetal livers of Hectd1-/- E14.5 embryos 

and compared them to LSK cells from their wt littermates. Gene ontology analysis 

revealed an enrichment for upregulated pathways and genes that are involved in IFN 

signalling.  

As discussed in the previous section, identifying HECTD1’s protein substrate(s) will be 

key to understanding its molecular and biochemical function. HSCs are a rare cell type 

in the bone marrow or foetal liver, such that acquiring enough material to perform 

proteomic analysis is not feasible with currently available technologies. However, it is 

important to keep in mind that HECTD1 may act in a cell type specific manner. 

Therefore, to successfully identify HECTD1’s substrate(s), it will be important to 

understand more about the biology of HECTD1. Firstly, I would like to understand 

what causes the defects in the self-renewal capacity in HECTD1-deficient HSCs. For 

example, are HECTD1-deficient HSCs undergoing undue apoptosis or do they have a 

defect in cell cycle progression/proliferation? Secondly, the relationship between 

HECTD1 loss and INF signalling needs to be further investigated in HSCs and possibly 

additional cell types. Finally, what ubiquitin linkages does HECTD1 make? Answering 

some of these questions has the potential to help us identify HECTD1’s substrate(s) in 

HSCs. I will expand on the approach I intend to take in order to address these 

outstanding questions in the next few paragraphs. 

The aberrant increase in IFN pathway signalling that I observed in the HSCs lacking 

HECTD1 is highly interesting, given the similarities seen in the defects in HSCs caused 

by the loss of HECTD1 and the HSC exhaustion caused by chronic IFN signalling302 

or loss of negative regulators of the IFN pathway304,305. To validate the involvement of 

the IFN pathway in the defects in HSCs caused by the loss of HECTD1, I will set up 

competitive reconstitution experiments using HECTD1 deficient and wt HSCs (Figure 

3.7). After transplantation, I will treat the recipient mice with an IFNAR1 neutralising 

antibody to block INF signalling downstream of the receptor or with a control antibody. 

In the control antibody-treated recipients, we expect that Hectd1-/- HSCs will be 
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outcompeted by the wt HSCs. If excessive IFN signalling is indeed responsible for this 

loss of competitiveness in the HECTD1 deficient HSCs, then we should see a rescue of 

this defect in the IFNAR1 antibody treated recipient mice, i.e. an equal distribution of 

wt and HECTD1 deficient HSCs. However, it is possible that HECTD1 may keep in 

check a protein that is involved in IFN signalling in a manner that is independent of the 

IFNAR1 receptor.  In this case, the IFNAR1 neutralising antibody would not be 

expected to have an effect and the HECTD1 deficient cells would still be outcompeted 

by their wt counterparts in the recipient mice. Should this be the case, I could examine 

known components of the IFN signalling pathway in HECTD1-deficient cells 

compared to wt cells. For example. I could test for phosphorylated (i.e. activated) 

STAT1 or PKB/AKT by Western blotting, or for the expression of SCA-1, an IFN 

stimulated gene in HSCs, by qPCR or flow cytometry302. Another idea is that HECTD1 

cells may be generally more sensitive to INF signalling compared to wt cells. All my in 

vivo experiments involve transplanting HSPCs into lethally irradiated recipient mice. 

Given that irradiation drives IFN production due to the release of inflammatory factors 

from dying neutrophils and other cell types, it is possible that this leads to the excessive 

mobilization, proliferation and/or apoptosis of HECTD1 deficient HSCs, while there 

is no (or less of an) effect on their wt counterparts. This hypersensitivity towards IFN of 

HECTD1 deficient cells could be easily tested in vitro by treating Hectd1-/- HSCs with 

low concentrations of IFN and comparing their behavior to that of wt HSCs. 

Alternatively, I could cross Hectd1 floxed mice to Vav-cre mice to delete HECTD1 

specifically in the haematopoietic system, treat these mice with low doses of IFN and 

then compare the response of the HSCs in these animals to the responses of HSCs in 

Vav-cre or wt control animals. 

As discussed in Section 4.5, there are many functional defects that can result in the 

reduction in the self-renewing capacity we observed in Hectd1-/- HSCs. The easiest 

explanation could simply be that the HECTD1 deficient HSCs are more prone to 

death. We know that MCL-1 and possibly other pro-survival BCL-2 family members 

are important for the survival of HSCs in vivo121. Therefore, we may be able to rescue 

the defects in HSCs caused by the loss of HECTD1 by blocking the apoptotic pathway. 

This could be achieved by generating Hecdt1-/- HSCs that are also deficient for certain 

pro-apoptotic proteins, such as BIM and/or PUMA, or are over-expressing BCL-2 in 
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their HSCs, using vav-Bcl-2 transgenic mice330. HSCs are usually quiescent and in order 

to self-renew they must undergo cell division whereby at least one daughter cell is 

identical to the parental HSC. Therefore, defects in cell cycle regulation/proliferation 

can contribute to a reduction in self-renewal capacity of HSCs.  Excessive proliferation 

of HSCs coupled to further differentiation into committed progenitors can lead to 

exhaustion of the HSC pool as seen in mice subjected to high concentrations of IFN302. 

To resolve whether Hectd1-/- HSCs are proliferating more or less compared to wt HSCs 

an in vivo BrdU pulse chase experiment could be performed. This will allow the 

assessment of proliferation of Hectd1-/- HSCs by measuring label retention over time. 

An additional explanation for the defects in the Hectd1-/- HSCs could be that they have 

a block in differentiation. However, this appears unlikely as in my secondary 

reconstitution experiments the HECTD1 deficient HSCs, although reduced in number, 

were still capable of producing all the mature haematopoietic cell types (Figure 4.10).  

If we can validate the link between excessive IFN signalling and the defects in HSCs 

caused by the loss of HECTD1 and understand whether the defect in HSC self-renewal 

is due to excess apoptosis or excess proliferation/exhaustion, then we can start to 

identify and analyse cell lines that exhibit similar defects when made deficient for 

HECTD1 (e.g. by using Crispr technology). For example, if we find that HECTD1 loss 

causes abnormal apoptosis of HSCs when they are exposed to IFN, then we could look 

for an appropriate haematopoietic cell line that responds in the same way to IFN in 

culture (i.e. undergoes cell death) after knocking out HECTD1. This would imply that 

this model cell line has the same machinery in place as the HSCs. If such a cell line can 

be identified, we could use it for proteomic analysis comparing the response to IFN 

between parental lines and the HECTD1 deficient derivative. Furthermore, if we 

understand the biochemistry of HECTD1 and know what type of ubiquitin linkages it 

makes (e.g. K63, K11, K48) then we can perform pull-down experiments using 

ubiquitin linkage specific antibodies and carry out proteomics analysis as a more 

targeted approach. Additionally, if HECTD1 deficient cells undergo apoptosis in 

response to treatment with IFN, then this would represent a perfect tool for a genome-

wide CRISPR-based knock-out cell survival screen. To this end, I would infect CAS9 

expressing HECTD1-deficient cells with a whole genome guide RNA (sgRNA) library 

and treat the transduced cells with a dose of IFN that would normally kill almost all cells 
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deficient for HECTD1. In the cultures of the CAS9 expressing and sgRNA library 

transduced HECTD1 deficient cell line, I would expect to find some surviving cells that 

I will enrich and expand. These surviving cells may have an effector (and potential 

HECTD1 substrate) knocked-out thereby allowing them to evade IFN-induced cell 

death. Harvesting these cells to identify the enriched sgRNAs by next generation 

sequencing will reveal critical effectors of IFN induced apoptosis that is facilitated by 

the loss of HECTD1 and some of these effectors may be direct targets of HECTD1.   

7.1.3 Future impact 

At this stage HECTD1 is a relatively understudied protein with limited knowledge of 

the role it plays in adult tissues. In this thesis I have in part elucidated its role in normal 

and malignant haematopoiesis. Understanding how HECTD1 contributes to the 

self-renewing capacity of HSCs may provide key insights on how to maintain and 

expand these cells in culture, a long-time goal of the field of haematology to aid HSC 

transplantation in patients. Currently donor HSCs for bone marrow transplant remain 

a common curative therapy for haematological malignancies. However, this is still 

reliant on having a suitable donor. Often cancer patients’ own HSCs can be collected 

in times of remission, however, obtaining sufficient numbers of HSCs is often a limiting 

factor. Hence, understanding the process of self-renewal and differentiation of HSCs 

may provide key insights, allowing the development of new protocols to maintain and 

expand HSCs ex vivo. Additionally, if robust protocols for culturing HSCs can be 

developed, this opens the door for genetic engineering of “self-material” to correct 

genetic aberrations in numerous diseases that affect the haematopoietic tissue, for 

example sickle cell anaemia. Furthermore, it is well established that developmental 

pathways are often exploited in neoplastic transformation of cells and still essential for 

the sustained expansion of the resultant malignant cells.  Currently, I do not know the 

exact mechanisms by which HECTD1-deficiency causes a defect in haematopoiesis. 

However, HECTD1 loss can delay MLL-AF9-driven AML development. This suggests 

that HECTD1 may contribute to the progression of AML and thus HECTD1 itself, or 

its substrates, could be attractive targets for cancer therapy. In my work I have 

uncovered several potential roles of HECTD1 in the haematopoietic system of mice.  

More work is still required to understand the precise molecular and biochemical 
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functions of HECTD1 in blood cells and other tissues so that this knowledge may be 

exploited for future translational efforts.  

7.2 MCL-1 

In contrast to my work on HECTD1, my project on assessing MCL-1 inhibition as a 

cancer therapeutic is much closer to clinical outcomes and patient benefit. MCL-1 is a 

pro-survival protein of the BCL-2 family important for the survival of many normal and 

malignant haematopoietic cells, as well as many cells in other tissues. There has been 

much interest in developing an MCL-1 inhibitor due to importance of MCL-1 in the 

sustained survival of many cancer cells225. Excitingly, Servier developed the first 

clinically relevant inhibitor of MCL-1, called S63845. However, this compound has a 

~6-fold higher affinity for the human MCL-1 protein compared to murine counterpart. 

This raised the question whether the use of preclinical mouse cancer models would 

accurately predict the efficacy and toxicity of S63845. This led us to develop the huMcl-1 

mouse model. In Chapter 6 I described the novel huMcl-1 mouse model as a preclinical 

tool for testing MCL-1 inhibitors more accurately. In this mouse model, the human 

MCL-1 protein successfully replaces the mouse MCL-1 protein in all cells of the body. 

The success of this replacement was remarkable as homozygous loss of MCL-1 causes 

lethality very early during embryonic development (E3.5)243, and even small changes to 

the mouse Mcl-1 locus can have deleterious effects to mice. For example, Mcl-1 floxed 

male mice are sterile, probably due to either increased stability of the MCL-1 protein 

or alterations in the promoter region of the Mcl-1 locus268,331. Not only are huMcl-1 mice 

viable, I have also shown that these mice show no differences to wt mice under steady 

state or even stress (treatment with 5-FU) conditions. 

In order to use the huMCL-1 mouse strain for preclinical testing of MCL-1 inhibitors 

in cancer models, it was crucial that the expression levels of MCL-1, and other BCL-2 

family proteins remained unchanged in cells from the huMcl-1 mice compared to cells 

in wt mice. Importantly, there were no compensatory mechanisms at play that increased 

or decreased the levels of other BCL-2 family members. It was possible, for example, 

that lower levels of MCL-1 in the huMcl-1 mice could be compensated for by the up-

regulation of other pro-survival proteins, such as BCL-XL or BCL-2, or the down-
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regulation of pro-apoptotic proteins, such as BIM or PUMA. Such adaptations would 

be expected to affect the response of cells to BH3-mimetic drugs. Adaptive 

compensatory changes in the expression of BCL-2 family members has been noted in 

the cancer setting as tumour cells can acquire resistance to Navitoclax (a BH3 mimetic 

that inhibits BCL-2, BCL-XL and BCL-W) by the upregulation of MCL-1332. It is 

therefore noteworthy that I saw no changes in the levels of other BCL-2 family members 

in cells isolated from the huMcl-1 mice. Additionally, the in vitro survival of B cells and 

thymocytes isolated from the huMcl-1 mice was comparable to that of wt cells even when 

they were exposed to a variety of cytotoxic stimuli. As expected, this was not the case 

when B cells and thymocytes were exposed to the MCL-1 inhibitor S63845, with the 

cells from the huMcl-1 mice being much more sensitive than wt cells. This higher 

sensitivity of the huMCL-1 expressing cells was also recapitulated in vivo within the 

whole organism with the MTD of huMcl-1 mice being ~4 fold lower when compared to 

that in wt mice. Therefore, I conclude that huMcl-1 mice are comparable to wt mice, 

but more sensitive to MCL-1 inhibition by S63845, more closely mimicking the human 

setting. Therefore, these mice will be a valuable tool to evaluate the clinical applications 

of MCL-1 inhibitors in other pre-clinical cancer models that are also generated on the 

huMCL-1 background. Therefore, we will make these mice available to the wider 

scientific community to allow maximum testing of MCL-1 inhibitors in diverse 

preclinical settings. Of note, another MCL-1 inhibitor was recently reported by 

Amgen258 and it has a ~700 fold higher affinity for human MCL-1 compared to mouse 

MCL-1. This further increases the utility of the huMcl-1 mouse model to test other 

MCL-1 inhibitors.  

As noted previously, MCL-1 is important for the survival of many normal tissues which 

raised concerns, whether MCL-1 inhibitors would be too toxic as anti-cancer therapies 

in the clinic. Surprisingly, previous work suggested otherwise, as doses of the MCL-1 

inhibitor S63845 that could eradicate c-MYC-driven lymphomas were readily tolerated 

in mice257. However, these studies were performed in mice in which the affinity of 

S63845 for the mouse MCL-1 is ~6-fold lower than the affinity for human MCL-1257. 

Thus, the efficacy and tolerability of this drug may have been underestimated in these 

studies. In the huMcl-1 mouse model the MTD of S63845 was indeed lower than that 

observed in wt mice333 (Chapter 6, Figure 3A). Analysis of huMcl-1 mice treated with 
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the MTD of S63845 revealed a transient loss of B cells as the most significant side effect. 

Excitingly, these doses of S63845 were able to cure 70% of mice bearing Eμ-Myc 

lymphomas in vivo. These data suggest that S63845 may be tolerable and efficacious and 

this is promising for the progression of MCL-1 inhibitors into the clinic. However, my 

findings raise the question as to why the genetic deletion of MCL-1 in tissues had 

profound toxic effects that were not seen with MCL-1 inhibitors. It is possible that these 

tissues can tolerate transient loss of MCL-1 through drug-mediated inhibition, but not 

the total irreversible loss of MCL-1 that is caused by genetic deletion. Alternately, it is 

possible that the drug cannot penetrate solid tissues very well. Hence, more 

pharmacokinetic analyses are needed to answer this question which is also relevant for 

future work in the clinic using MCL-1 inhibitors for treating solid tumours. 

One of the biggest challenges that the cancer field faces is to determine rational drug 

combination therapies for different malignant diseases, given that it is expected that 

single agent treatments will in most cases not be sufficient to cure cancer patients long 

term as resistance will occur. The BCL-2 inhibitor has demonstrated astounding success 

in the clinic as a single agent. For example, for the treatment of standard therapy 

refractory CLL, durable responses were seen in almost 80% of patients with ~20% 

achieving complete remission (CR)233. However, it appears likely that the rate of CR 

can be increased when Venetoclax is used in combination with other anti-cancer agents. 

This was indeed demonstrated when Venetoclax was administered in combination with 

Rituximab (monoclonal antibody against CD20) increasing the CR in CLL from ~20% 

to 51%241. MCL-1 inhibitors are only in the very early stages of clinical development, 

with recruitment in to phase I trials underway. However, it is likely that the impact of 

MCL-1 inhibitors will be increased when combined with additional anti-cancer agents, 

as is the case for the BCL-2 inhibitor venetoclax. The issue of tolerability of 

combinations of MCL-1 inhibitors with standard anti-cancer agents has already been 

addressed in experimental mouse models. For example, loss of just one allele of Mcl-1 

in mice (mimicking MCL-1 inhibition), impairs the recovery of the haematopoietic 

system after 5-FU treatment or γ-irradiation334. However, more recently it was shown 

that Mcl-1+/- heterozygous mice, again mimicking MCL-1 inhibition, were able to 

tolerate clinically relevant doses of several cytotoxic drugs of different classes335. These 

findings are supported by data I presented in Chapter 6 of this thesis. Treating hu-Mcl-1 
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mice bearing huMcl-1;Eμ-Myc lymphomas with low doses of the S63845 (3.75-7.5 

mg/kg) in combination with low dose of cyclophosphamide (50 mg/kg) vastly increased 

tumour free survival to almost 100% compared to treatment with the MCL-1 inhibitor 

as a single agent at a higher dose (70% survival at 12.5 mg/kg). Collectively, these data 

suggest that combinations MCL-1 inhibitors (and other BH3-mimetic drugs) with other 

anti-cancer agents may be tolerated and achieve more durable responses in patients. 

To address the impact of MCL-1 inhibitors in other cancer settings, we have started to 

generate additional cancer models on the huMcl-1 background. Previous genetic studies 

in mouse models of AML driven by the expression of MLL fusion proteins and certain 

other onco-proteins has shown that these tumours, like Eμ-Myc lymphomas, also depend 

on MCL-1 for their sustained growth336. Therefore, we generated MLL-ENL- and 

MLL-AF9-driven AMLs on a huMcl-1 and, as a control, on a wt background. My 

preliminary work shows that the huMCL-1 expressing AMLs were 3-4 fold more 

sensitive to S63845 in culture compared to the AMLs expressing mouse MCL-1. 

Recently, MCL-1 inhibition in combination with BCL-2 inhibition has shown promise 

in preclinical models of AML, providing a rational to combine these therapies in this 

disease258,260. MCL-1 is required for germinal center formation and memory B cell 

development246 and this dependence on MCL-1 is sustained in transformation of these 

cells into multiple myeloma (MM)221. Additionally, MCL-1 levels are high in MM 

samples from patients and this correlates with poor survival337. Of note, treatment of 

immune-deficient mice bearing human MM derived cell lines with the MCL-1 inhibitor 

S63845 substantially prolonged tumour-free survival in a dose dependent manner257. 

However, efficacy and toxicity could not be assessed accurately side-by-side in this 

model given the host mice expressed mouse MCL-1, whereas the MM cells expressed 

human MCL-1. Therefore, we crossed the huMcl-1 allele to vk*MYC expressing mice 

which develop MM338, to generate primary tumours expressing human MCL-1. This 

will allow accurate assessment of efficacy and tolerability of MCL-1 inhibitors in 

preclinical models of MM. Given that relapsed MMs in patients express higher levels 

of MCL-1 protein compared to the levels seen at diagnosis337, this may provide a 

rational to combine MCL-1 inhibitors with current standard of care therapies to 

produce more durable responses. Since MCL-1 inhibition alone or in combination with 

other anti-cancer agents may be a promising strategy for the treatment of solid cancers, 
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I also started to generate mouse models of huMCL-1 expressing melanoma, driven by 

mutant B-RAF and loss of the tumour suppressor PTEN339. In patients, BRAF 

inhibition provides a targeted therapy for these tumours. However, responses are not 

durable, with most melanomas developing resistance to B-RAF inhibitors340,341. Human 

melanoma derived cell lines driven by oncogenic BRAF have been shown to acquire 

resistance to kinase inhibitors by down-regulation of the pro-apoptotic BH3-only 

proteins, PUMA and BIM342. This provides a rational for combining inhibitors of 

oncogenic kinases with BH3-mimetic drugs, such as MCL-1 inhibitors. Additionally, 

immune checkpoint inhibitors are another therapy now being used in the clinic for the 

treatment of melanoma patients. Combination of immune therapies with MCL-1 

inhibitors may lead to more durable responses compared to treatment with single agents 

alone. Finally, we have backcrossed the huMcl-1 allele onto the NOD-scid IL2Rg-/- 

(NSG) background. These mice are immuno-compromised and therefore can facilitate 

the transplant of human tumours and human cancer derived cell lines. This approach 

will allow the in vivo testing of MCL-1 inhibitors in huMCL-1 expressing NSG mice 

allowing efficacy and toxicity of MCL-1 inhibitors to assessed accurately side-by-side 

when transplanted with primary human cancer cells or cancer derived cell lines.  

There is great value in understanding MCL-1 inhibition as much as possible in 

preclinical models to inform us of the best way to apply the drug in expensive and 

time-consuming clinical trials. Mouse tumour models expressing huMcl-1 will be 

particularly valuable for assessing the therapeutic potential and tolerability of MCL-1 

inhibitors, used either on their own or in combination with other anti-cancer agents. 

MCL-1 inhibitors are currently in phase I clinical trials in AML patients to establish the 

tolerability of these drugs. If successful, we hope that the preclinical work in huMcl-1 

mice will swiftly inform the field as to which cancer types will be susceptible to MCL-1 

inhibitors and furthermore, which combinations of MCL-1 inhibitors with other anti-

cancer drugs will likely succeed in the clinic in the different disease settings.  
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Appendix I  
 

Definition of haematopoietic cell types by cell surface marker 
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Appendix II         
 

Foetal liver HSPC populations are comparable between 
Hectd1-/-  E14.5 embryos with and without exencephaly 
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Single cell suspensions were prepared from foetal liver cells isolated from Hectd1-/- and 
wt littermate E14.5 embryos, immuno-stained for cell surface markers and analysed by 
flow cytometry. Refer to Appendix I for cell definitions by cell surface marker.) Total 
numbers and percentages of the different cell types as indicated. Data represent 
mean±SEM; One-way ANOVA (all conditions) and student’s t-test (Hectd1-/- normal 
and Hectd1-/- exencephaly) statistical analysis was performed. In both cases, no 
significant differences were seen between Hectd1-/- normal and Hectd1-/- exencephaly cell 
populations.  
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Appendix III  
 

List of DE genes comparing Hectd1-/- and wt LSK cells 
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