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Abstract 

Schlafen 14 (SLFN14) has recently been identified as an endoribonuclease responsible for 

cleaving RNA to regulate and inhibit protein synthesis. Early studies revealed members of 

the SLFN family are capable of altering lineage commitment during T-cell differentiation, 

using cell cycle arrest as a means of translational control. SLFN14 mutations have been 

previously reported as causing inherited macrothrombocytopenia and bleeding in patients. 

The aim of this thesis was to uncover potential mechanisms for how SLFN14 and its 

mutations contribute to inherited thrombocytopenia and altered haematopoiesis. A novel 

CRISPR knock-in mouse of SLFN14-K208N and platelet specific knock-out mouse using the 

PF4Cre loxP system were used to better understand the involvement of SLFN14 in 

haematopoiesis and platelet function. Gross haematological analysis, in vitro and in vivo 

studies of platelet and erythrocyte function, as well as analysis of spleen and bone marrow 

progenitors were used. Homozygous mice for the K208N mutation do not survive to weaning 

age due to severe anaemia. Heterozygotes exhibit microcytic erythrocytosis, haemolytic 

anaemia, splenomegaly and abnormal thrombus formation examined by intravital microscopy 

although in vitro platelet function and morphology remain unchanged. RT-PCR of 

transcription factor GATA1 in SLFN14-K208N mice revealed significant reduction in GATA1 

mRNA from whole bone marrow suggesting the SLFN14 endoribonuclease is active in 

haematopoiesis. In addition, SLFN14 PF4Cre mice show macrothrombocytopenia with 

reduced proportion of megakaryocytes in the bone marrow although platelet function was 

retained. This suggests SLFN14 is a key regulator in mammalian haematopoiesis and a 

species-specific mediator in platelet and erythrocyte production and function. 
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Chapter 1 
 

General Introduction 
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 Chapter 1 – General Introduction 

 Overview of haematopoiesis 

Haematopoiesis is the process of blood cell production primarily in the bone marrow. 

Haematopoietic stem cells (HSCs) can differentiate into various progenitors and downstream 

mature blood cells which circulate in the blood. These terminally differentiated cells have 

various properties including oxygen transport, thrombus or clot formation and fighting 

infection. Reduction in the number of these cells, or alterations in their function can cause 

diseases which in the most severe cases can be fatal. The initial point of differentiation 

begins with the HSC which has multipotent potential. Each ‘branch’ of the haematopoietic 

tree stems from the HSC and contains a series of progenitor cells, specifically differentiated 

and programmed to produce one, or in some cases multiple different cell types. This is 

determined by specific transcription factors and cytokines which allow cells to become more 

lineage restricted with each stage. The two main lineages are lymphoid and myeloid. The 

Common Lymphoid Progenitor (CLP) further differentiates to produce T lymphocytes, B 

lymphocytes and natural killer (NK) cells which together comprise the complex adaptive 

immune system. The myeloid lineage originates from the Common myeloid Progenitor (CMP) 

which further differentiates into Megakaryocyte Erythroid Progenitors (MEPs) for the 

production of platelets and erythrocytes or myeloblasts for the production of granular 

leukocytes forming the innate immune system (Figure 1.1).  

This hierarchical view of stem cell differentiation in recent years has been contested in the 

field (Velten et al., 2017). Following the advancement of single cell profiling and identification 

of self-renewal properties of intermediate progenitors this process is now seen as more of a 

continuum, with a less ‘step-wise’ organisation pattern. Intermediate progenitors have less 

self-renewal properties than HSCs and are defined as committed to their particular lineage. 

Renewal and differentiation is tightly orchestrated at the transcript level and in some 
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instances has been proposed certain progenitors may possess bias toward certain cell fates 

particularly in disease. 
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Figure 1.1: Overview of haematopoiesis. Haematopoietic stem cells (HSC) form the origin of all blood cells. They are multipotent and 
capable of producing cell types in multiple lineages. From here, the tree branches into lymphoid (to produce cells of the adaptive immune 
system) and myeloid lineages (to produce platelets and erythrocytes). 
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 Platelets 

 Megakaryopoiesis and platelet production 

MKs are formed from HSCs produced in the bone marrow and are specialised to produce 

blood cells (Figure 1.1) although in early development they are also found in the yolk sac, 

foetal liver and spleen (Machlus et al., 2014). HSCs give rise to multipotent progenitor cells in 

the myeloid lineage termed MEPs. These cells differentiate into either MKs or erythroid 

progenitors based on their receptor profile and exposure to transcription regulators angling 

lineage biases. MKs account for approximately 1% of all myeloid cells and are a rare cell 

type making them both difficult to identify in situ and study (Ogawa, 1993). Once MKs 

differentiate further, their self-renewal capacity becomes limited and undergo maturation. 

During differentiation, MKs undergo endomitosis, a cycle of DNA replication devoid of 

cytokinesis (cytoplasmic division) and karyokinesis (nuclear division) (Lordier et al., 2008). 

This results in generation of a polylobulated nucleus (polyploidy) (Ogawa, 1993) and 

proceeded by generation of a demarcation membrane system (DMS) and granule biogenesis 

(Behnke, 1968, Ambrosio et al., 2012). Proteins including vWF and fibrinogen are packaged 

into granules through endocytosis and MKs are equipped with all necessary components 

ready for pro-platelet release. Proplatelet extensions into sinusoidal blood vessels and the 

shear force of blood catalyses platelet release into the circulation (Machlus et al., 2014). 

Dysregulation of these processes can lead to a variety of platelet function disorders and/or 

result in altered platelet number significantly impairing haemostasis. (Figure 1.2) 

 Transcription factors: Megakaryopoiesis 

Transcription factors (TFs) bind to the DNA of promoter or enhancer regions of specific 

genes directly involved in differentiation of MKs. These are important to initiate gene 

expression and developmental changes in the MK which lead to the production of viable, 

normal functioning platelets. GATA-1, FOG-1, Fli-1, NF-E2 and RUNX-1 are the main 
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identified transcription factors in humans and mice (Patel et al., 2005, Geddis, 2010). GATA-

1 acts in the early and mid-stages of thrombopoiesis controlling cell replication, cytoplasmic 

maturation and development of platelet organelles alongside it’s cofactor FOG-1 (Shivdasani, 

2001) (Figure 1.2) Fli-1 and transcription factor NF-E2 are active during the latter stages of 

megakaryocyte maturation, where mice deficient in both of these genes lack circulating 

platelets, reduced α-granules and disorganised internal membranes, indicating 

megakaryocyte maturation arrest (Zang et al., 2016). RUNX-1 forms a complex with Fli-1 

subsequently silencing non-muscle myosin heavy chain IIB (MYH10) to increase cell ploidy 

and regulate megakaryocyte maturation (Antony-Debré et al., 2012). Novel genetic 

technologies have allowed identification of mutations within the named transcription factors 

impacting platelet biogenesis and have helped in the diagnosis of congenital 

thrombocytopenia and bleeding disorders (Almazni et al., 2021, Deutsch and Tomer, 2006). 

 Cytokines: Megakaryopoiesis 

Thrombopoietin (TPO) is the predominant cytokine which stimulates maturation of MKs and 

can be used to monitor platelet production (Kaushansky, 2005, Patel et al., 2005, 

Kaushansky, 2009, Zeigler et al., 1994). TPO is produced in the liver and acts by binding to 

the cellular homologue myeloproliferative leukaemia virus oncogene (Mpl) (Kaushansky et 

al., 1995, Ng et al., 2014). Interestingly it has been shown in MpI knockout mouse models 

there is a significant reduction in the number of MKs and platelets but also reduced cell 

counts in other lineages, indicative that TPO and c-Mpl play important roles early in 

haematopoiesis (Gurney et al., 1994, Carver-Moore et al., 1996). Additionally, injecting 

recombinant protein into mice increased the circulating platelet count substantially over a 

seven day period, strongly suggesting TPO is essential for the production of platelets (Lok et 

al., 1994). This greatly aided first in vitro studies of MKs and platelets whereby CD34+ cells 

isolated from whole blood could be differentiated in culture with the addition of TPO (Choi et 

al., 1995). Upon formation of the TPO-c-Mpl construct, cytoplasmic tyrosine kinase, Janus 
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Kinase 2 (JAK2) is activated. The cytoplasmic tails of c-Mpl receptor become closer in 

proximity, as do the JAK2 molecules and are activated by trans-autophosphorlyation 

(Geddis, 2010). JAK2 activation then initiates cellular cascade reactions in signal transducer 

and activator of transcription (STAT), mitogen-activated protein kinase (MAPK) and 

phosphoinositol-3 kinase (PI3K) pathways; all promoting megakaryocyte differentiation and 

proliferation (Geddis, 2010). 

In addition to TPO, stem cell factor (SCF) also plays an important role in maintaining steady 

state megakaryopoiesis. SCF is expressed in both membrane and soluble forms, binding to 

the transmembrane c-Kit receptor expressed on HSCs (Zsebo et al., 1990, Flanagan and 

Leder, 1990, Williams et al., 1990). Downstream c-Kit signalling on CD34+ cells promotes 

steady haematopoiesis and megakaryopoiesis in vitro (Lennartsson and Rönnstrand, 2012).  

Megakaryopoiesis is a tightly regulated process and can up/down-regulate in response to 

bleeding or thrombosis. These changes are largely governed by TPO cytokine and its 

respective receptors, c-Mpl to maintain optimum circulating levels of platelets (Figure 1.2). 
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Figure 1.2: MK differentiation and platelet formation. HSCs differentiate into myeloid 
committed CMPs with self-renewal capacity and further into MEPs. Here, MKs proliferate and 
undergo endomitosis to become polyploid immature MKs with increase cellular content. 
Further maturation involves generation of the MK cytoskeleton and granule biogenesis. Once 
MKs are fully matured they produce pseudopodia extensions governed by the DMS which 
marks the initiation of proplatelet formation. This extends and forms branches forming 
proplatelet extensions which are subsequently released as barbell structures (light blue) from 
the MK by shear stress which then mature into mature circulating platelets (darker blue). MK 
differentiation, maturation and platelet formation is orchestrated by a series of transcription 
regulators (right hand side - green) and cytokines (right hand side – blue). Their involvement 
in this process varies and is highlighted by arrows of progression.  
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 Platelet structure and function 

Platelets are small anucleate cells (approximately 2µm in diameter) of discoid shape 

maintained by microtubules and microfilaments in the cytoskeleton. In a resting state, 

endothelial cells suppress adhesion of pro-coagulant cells and proteins preventing 

unnecessary clot formation (Watson, 2009). However, when the endothelial wall is damaged, 

exposed collagen encourages adhesion of platelets by binding to vWF through membrane 

bound glycoprotein GPIb-IX-V. At high shear rates, this initiates platelet arrest at the site of 

injury, intracellular signalling to cause shape change and recruitment of neighbouring 

platelets to stabilise the platelet plug (Reininger, 2008). In conditions of low shear, platelets 

adhere to collagen by directly binding with GPVI and GPIIb/IIIa (integrin αIIbβ3). GPVI is 

involved in the early stages of platelet activation; binding to collagen causing tyrosine 

phosphorylation of the FcRγ chain and downstream activation of the immunoreceptor 

tyrosine-based action motif (ITAM) pathway for platelet activation (Jandrot-Perrus et al., 

2000). The principal role of integrin αIIbβ3 is to bind to fibrinogen, forming inter-platelet 

connections and thrombus formation (Jandrot-Perrus et al., 2000). Integrins stabilise the plug 

formation in high shear conditions, securing the thrombus at the site of damage.  

When a thrombus is formed, and platelets are activated, granules within the platelets secrete 

molecules to recruit further platelets. Platelets contain several types of granules which 

release their contents upon platelet activation and stimulate additional platelet recruitment in 

thrombus formation. Dense (δ) granules secrete many molecules, the most abundant of 

which is ADP, acting on P2Y1 and P2Y12 receptors triggering further shape changes, 

granule secretion and activation of integrin αIIbβ3 (Hou et al., 2015). Thromboxane synthase 

(TXA2) is generated from arachidonic acid (AA) through the cyclooxygenase pathway (COX1) 

and adheres to the thromboxane A2 receptor (TXA2) (Hou et al., 2015). C-type lectin-like 

receptor 2 (CLEC-2) binds to its ligand podoplanin, initiating platelet activation through 

tyrosine phospohorylation similar to GPVI (Boulaftali et al., 2014). These secretion events 
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occur as secondary messengers to amplify activation and inside-out signalling, recruiting 

additional platelets for aggregation.  

Alpha (α) granules secrete fibrinogen and vWF to propagate aggregation at the site of injury 

and traffic GPVI receptors to the membrane surface. P-selectin, also released by α granules, 

migrates to the membrane and gathers circulatory monocytes, neutrophils and leukocytes, 

initiating the inflammatory response (Golebiewska and Poole, 2015).  

Upon activation, platelets can express toll-like receptors (TLRs) which have been well 

characterised in neutrophils, macrophages and dendritic cells in response to pathogens 

(Janeway and Medzhitov, 2002). These TLRs are thought to play critical roles in the platelet 

mediated immune response and TLR-9 has been shown to localise at the platelet membrane 

surface, separate from other granule released markers of activation such as P-selectin (Thon 

et al., 2012). Although T-granules do not appear as isolated granule population as seen in δ 

and α granules, they play a critical secondary role in platelet recruitment and thrombus 

formation and platelet-leukocyte interactions (Thon et al., 2012). In addition, platelets contain 

peroxisome proliferator-activated receptors (PPARs) which play a major role in modulating 

platelets in inflammation and attenuating platelet activation (Spinelli et al., 2008).   

After the release of granule contents, the coagulation cascade begins. Circulating thrombin is 

activated and acts on protease activated receptors 1 and 4, (Marconi et al.) (PAR3 and 

PAR4 are present in mice) which are Gq receptor proteins acting within a positive feedback 

loop to stimulate cytoskeletal changes for platelet activation (Zarpellon et al., 2017). 

Thrombin aids the conversion of circulating fibrinogen to its insoluble form fibrin and the 

coagulation cascade. Fibrin molecules form strengthened polymers which results in a stable 

fibrous network connecting neighbouring platelets and a secure thrombus at the site of injury. 

(Figure 1.3, Figure 1.4).  
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Figure 1.3: Platelet activation and haemostatic signalling pathways. Platelet agonist’s 
thrombin, ADP and TXA2 signal through G-protein coupled receptors (G-PCRs). This leads to 
cytoskeletal rearrangement, secretion of granule content and integrin activation. In this way, 
thrombin is a powerful agonist which initiates platelet activation and ADP and TXA2 act as 
positive feedback mechanisms in maintaining platelet activation (dotted lines). GPVI 
signalling is initiated by the binding of collagen to dimerised GPVI receptors and vWF signals 
using the same tyrosine phosphorylation signalling pattern. Together this initiates platelet 
shape change, degranulation and integrin activation to bind fibrinogen strengthening platelet-
platelet interactions.  
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Figure 1.4: Platelets in thrombus formation. The primary role of platelets is in 
haemostasis, to reduce blood loss through bleeding and prevent damage to the sub 
endothelial matrix. Platelets are marginalised towards the vessel walls under their resting 
state. Upon vessel injury, platelets adhere to the exposed sub-endothelial matrix and begin 
to activate binding to vWF on exposed collagen. Platelets roll along the surface in a bid to 
slow down and enhance low affinity binding of GPVI to collagen at the site of injury. As 
platelets spread, GPVI signalling causes further platelet activation. Platelets degranulate, 
and recruit others to the growing thrombus due to ADP released from α-granules and TXA2. 
Platelets aggregate by activated integrin αIIbβ3 and fibrinogen released from granules. 
Thrombin, activates more platelets and generates fibrin from fibrinogen to stabilise the 
thrombus. Thrombus retraction occurs by cytoskeletal tension and integrin outside-in 
signalling. This secures the thrombus at the injured vessel wall. Eventually the clot breaks 
down by fibrinolysis, releasing activated platelets for macrophage mediated clearance.  
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 Erythrocytes 

 Erythropoiesis and red blood cell production 

Erythropoiesis describes the process of differentiation and maturation of erythroid 

progenitors through to erythrocytes (red blood cells). This begins at the MEP which has 

propensity to develop into either MKs or erythroid progenitors. Typically, erythropoiesis 

begins in the yolk sac where the first erythrocytes form, critical for survival of the embryo 

(Tavassoli, 1991). This is then followed by definitive erythropoiesis occurring in foetal liver in 

embryos and postnatal bone marrow. Erythropoiesis occurs in three stages whereby MEPs 

differentiate into the earliest erythroid specific progenitors, burst forming unit (BFU-E) and 

subsequently colony forming unit erythroid progenitors (CFU-E). The second stage is the 

production of nucleated erythroid precursors, namely the Proerythroblast (ProE) which 

undergoes a series of cell division and morphological changes as it differentiates towards the 

reticulocyte (immature erythrocyte) (Chen et al., 2009). The third stage is where erythroblasts 

expel their nuclear content and notably reduce in size forming reticulocytes and subsequently 

erythrocytes (Mei et al., 2021). Reticulocytes are immature and possess different cytoskeletal 

membrane compared to more mature reticulocytes and erythrocytes. The most well-known 

characteristic is their innate ability to lose CD71 expression with maturation, notably one of 

the best ways to separate reticulocytes based on age in flow cytometry assays (Chen et al., 

2009, Malleret et al., 2013). Residual erythroblast RNA is also present in newest 

reticulocytes therefore staining with RNA dyes gives enables haematologists to investigate 

immature reticulocyte fraction (IRF) indicative of erythrocyte turnover (Wollmann et al., 2014, 

Davis et al., 1995). Mature reticulocytes circulate in the blood stream for approximately one 

day before maturing into erythrocytes (Chasis et al., 1989). (Figure 1.5). 
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 Transcription factors: Erythropoiesis 

Alone, or as part of transcriptional complexes, the fine tuning of erythropoiesis is maintained 

by a cohort of TFs specific to the formation, proliferation and differentiation of multipotent 

cells of self-renewal capacity, to mature erythrocytes with various functions (Figure 1.5)  

Putative oncogene Spi-1 (PU.1), Fli-1 and GATA-2 all act in primitive erythropoiesis on BFU-

E and CFU-E. Here they collectively act to increase proliferation of early erythroid precursors 

for further differentiation. Fli-1 only acts during early stages of erythropoiesis and in previous 

studies, over expression of Fli-1 results in inhibition of erythroid differentiation and in fact 

impairs the cell’s ability to respond to critical erythroid inducers (Athanasiou et al., 2000). 

GATA-2 expression is present in primitive erythroid cells as well as early ProEs before GATA 

switching occurs, and in the presence of co-factor FOG, GATA-2 is repressed in definitive 

erythropoiesis and GATA1 takes over (Tsang et al., 1997). Erythroid Kruppel-like factor 

(EKLF) and Basic Kruppel-like factor (BKLF) both function to induce β-globin gene 

expression in mature erythroblasts (Miller and Bieker, 1993). Finally, Signal transducer and 

activator of transcription (Stat5) promotes survival of late erythroid progenitors and mature 

cells in the circulation. Erythropoietin, (EPO) the main cytokine of erythrocyte development 

binds to its receptor (EpoR) and leads to activation of transcription factor Stat5. This then 

triggers tyrosine phosphorylation signalling which induces immediate expression of the 

antiapoptotic gene bcl-x. Stat5 deficient mice are severely anaemic due to the decreased 

survival of foetal liver erythroid progenitors and a marked increase in apoptosis at E13.5 

(Socolovsky et al., 1999). 

 Cytokines: Erythropoiesis 

In definitive erythropoiesis, progenitor cells are dependent on EPO and EpoR for 

differentiation and maturation (Figure 1.5). The interaction between EPO and EpoR triggers 

internal cellular signalling which increases globin mRNA, transferrin receptor expression 

(CD235a/Glycophorin-a in humans and Ter119 in mice) and membrane structural proteins 
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characteristic to erythrocytes (Kendall, 2001). EPO plays a critical role in definitive 

erythropoiesis at the foetal liver stage and in bone marrow, evident by embryonic death at 

age E13.5 in EPO null mice due to severe anaemia. In primitive erythropoiesis (at the BFU-

E), EPO deficiency did not seem to have detrimental effect on erythropoietic lineage 

commitment and only presented severe defects at the CFU-E stage (Wu et al., 1995). This 

suggests EPO and EpoR are major contributors in the survival of definitive erythroid 

progenitors beyond E12.5 in utero and postnatally in bone marrow haematopoiesis (Makita et 

al., 2001). In utero, EPO is manufactured in the foetal liver however into the latter stages of 

development and postnatally EPO is predominantly produced in the kidneys. Into adulthood, 

oxygen tension or hypoxic conditions tend to be the main driver for EPO production. This is 

regulated by Hypoxia inducible factor 1 (HIF1) whereby it binds to an enhancer region on the 

Epo gene, increasing expression and thus circulating levels of EPO to accelerate 

erythropoiesis (Bunn et al., 1998, Semenza et al., 1991).  

 Erythrocyte structure and function 

Erythrocytes are the most abundant enucleate cell type in the circulation and their primary 

role is to transport oxygen around the body by haemoglobin. They have a characteristic 

biconcave disc shape to increase surface area and oxygen binding capacity as well as 

withstand blood flow shear stress. Haemoglobin is comprised of two subunits α-like globin 

and β-like globin peptide chains. In utero, embryonic-globin (ε-globin) is expressed in the yolk 

sac which then switches to foetal-globin (γ-globin) at the onset of primitive erythropoiesis in 

the foetal liver. γ- and α-globin chains make up total foetal haemoglobin (HbF) (Baron et al., 

2013). The second switching event involving haemoglobin maturation occurs shortly after 

birth, γ-globin to β-globin occurs by a translational switch with erythroid progenitors in the 

bone marrow forming adult haemoglobin (HbA) (Sankaran and Orkin, 2013). Erythrocytes 

have also been suggested as critical players in platelet activation through phosphatidylserine 

(PS) exposure. PS exposure stimulates plasma thrombin generation and activates platelets 
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(Whelihan and Mann, 2013). Erythrocyte morphology has previously been explored with 

regard to thrombus stability. Their bioconcave shape not only allows cells to repond to shear 

stress but they are also able to change shape into ‘polyhedrocytes’ which allows tight 

formation of cells at the endothelium and the ability to alter their shape under different shear 

conditions (Ariens, 2015).  
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Figure 1.5: Erythrocyte differentiation and red blood cell formation. HSCs differentiate 
into myeloid committed CMPs with self-renewal capacity and further into MEPs. Here, the 
cytokine EPO and its respective receptor EpoR direct differentiation in the erythroid direction. 
BFU-E and CFU-E cells undergo further differentiation at the final stages of primitive 
erythropoiesis. The earliest identified cell of definitive erythropoiesis is the ProE. Here, the 
ProE undergoes several rounds of division producing cells which progressively decrease in 
size, losing CD71 expression and contain haemoglobin. The first stage of erythrocyte 
formation produces reticulocytes, which are enucleated immature red blood cells. They are 
larger than mature erythrocytes, containing residual ProE RNA and last approximately one 
day in the circulation before maturing into erythrocytes. Erythroid differentiation, maturation 
and erythrocyte formation is orchestrated by a series of transcription regulators (right hand 
side – green arrows) and cytokines (right hand side – blue arrows). Their involvement in this 
process varies and is highlighted by arrows of progression. Additionally, receptor expression 
can be used to highlight erythroid cells of varying age (right hand side – orange arrows).   
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 Interactions: Platelets and Erythrocytes 

 Regulation of Megakaryopoiesis and Erythropoiesis 

HSC differentiation appears to be regulated by two mechanisms. Firstly to maintain steady 

state haematopoiesis, based on the requirements of the body to produce sufficient blood 

cells for basal function. Secondly, to appropriately amplify haematopoiesis in response to 

haematopoietic stress, such as during infection, bleeding or hypoxia. 

Platelets and erythrocytes are closely related, both originating from the same progenitor and 

sharing most transcription factors for development (Figure 1.1, Figure 1.2 and Figure 1.5). So 

the questions arises, where in lineage commitment do these differences occur and what 

controls whether their shared progenitor proliferates into a MK or erythroid progenitor? The 

distinct differences in cell types arise at the transcriptional and translational levels with 

lineage preferences altered in diseased states (Psaila et al., 2020). The genetic properties 

which determine a MK are different from that which determine erythroid committed cells and 

hence give rise to their different contents and functional differences. At the epigenetic level, it 

has been shown that long non-coding RNAs (lncRNAs) have been identified in erythroblasts, 

MKs and MEPs. While the specific functional capacity in these cell types remains 

unexplored, lncRNAs have been shown to regulate transcriptional control and mRNA stability 

– both factors which are also important to consider in endoribonucleolytic activity (Paralkar et 

al., 2014). If lncRNAs are regulated by TFs then this may function in the same capacity as 

the endoribonuclease SLFN14 altering haematopoietic cell lineage fate.  

Some studies have suggested that expression of TFs holds two main roles in lineage 

direction. The first of which is to auto-upregulate and hold the lineage specified direction and 

the second is to actively down-regulate alternate pathways (Tsai et al., 1991). This has been 

shown with regard to GATA-1, whereby PU.1 inhibits transcriptional activity of GATA-1 in its 

target genes and vice versa (Zhu and Emerson, 2002).  
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 GATA-1 and GATA-2 

GATA-1 and GATA-2 are required for haematopoiesis and play particularly important roles in 

the differentiation of both MKs and erythroid cells. GATA binding proteins recognise a 

consensus target sequence ‘T/A GATA A/G’ found in promoters or enhancer regions of 

haematopoietic expressed genes (Tsai et al., 1991). There are 6 GATAs in total with GATA-1 

and GATA-2 are expressed in MKs, erythroid cells, mast cells, eosinophils and other 

haematopoietic progenitors. GATA-3 is expressed at high levels in the lymphoid lineage 

(Merika and Orkin, 1993). GATA-4 to GATA-6 are not expressed in the haematopoietic 

lineage but rather involved in the development of cardiac cells and are termed ‘non-

haematopoietic’ GATAs (Ikonomi et al., 2000, Pikkarainen et al., 2004).  

Genetic manipulation of GATA-1 revealed in vivo the critical requirement for GATA-1 in the 

development of erythroid cells (Pevny et al., 1991). Erythroid differentiation did not proceed 

in response to GATA-1 null embryonic stem cells and similarly GATA-1 null mice are 

embryonic lethal at E10.5 (before foetal live haematopoiesis) (Tsai et al., 1991, Baron et al., 

2013). GATA-2 null mice are also embryonic lethal due to failure of erythroid progenitor 

expansion (Baron et al., 2013). Although GATA-1, GATA-2 and GATA-3 recognise identical 

(or highly similar) promoter targets, the absence of either GATA-1, GATA-2 or both, means 

normal erythroid development does not occur (Fujiwara et al., 2004). The expression of 

GATA-1 and GATA-2 overlap in haematopoietic progenitors and the functional compensation 

in the erythroid lineage which occurs between GATA binding proteins is unknown (Fujiwara 

et al., 2004). 

GATA-1 and GATA-2 present overlapping patterns of expression, with GATA-2 most highly 

expressed in early haematopoiesis and GATA-1 replacing it in terminally differentiating cells 

of both MK and erythroid origin (Weiss et al., 1994). It has been shown previously that 

GATA-2 may substitute in part for GATA-1 activity and the balance between GATAs in 

haematopoiesis is critical to normal cell development. GATA-1 is highly expressed in MKs 
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however GATA-1 deficient MKs exhibit reduced polyploidisation and form large colonies of 

immature MKs in the bone marrow. Platelets produced from these GATA-1 deficient MKs are 

low in number and have marked structural abnormalities (Vyas et al., 1999). One study 

suggested that the absolute level of GATA-2, as well as its amount compared to GATA-1 

was critical in the regulation of erythroid differentiation (Ikonomi et al., 2000). Despite this, 

another study suggested that GATA-1 binds to genes common in both MK and erythroid 

lineages, however, this occurred at different binding sites, allowing for differential control 

between lineages (Doré et al., 2012). 

Taken together, prior studies of GATA-1 and GATA-2 show they have significant involvement 

in the growth and survival of developing MK and erythroid precursors. However, it must be 

noted lineage fate is not solely controlled by GATAs and the involvement of co-factors or 

additional TFs remains unclear. 

 Extramedullary Haematopoiesis (EMH) 

In healthy adults, the bone marrow is the primary site of haematopoiesis however in stress 

haematopoiesis, or in myeloproliferative neoplasms (MPN) other organs can take on this role 

(Tavassoli, 1991). Haematopoiesis is remarkably adaptable in its ability to shift in either 

myeloid or lymphoid directions in response to various diseases. Stresses such as 

haemorrhage or anaemia can shift haematopoiesis towards the myeloid direction and cause 

preferential priming of common progenitors in either MK or erythroid directions (Xavier-

Ferrucio et al., 2019). EMH is typically identified as a secondary event to another disorder 

including haematological disorders or cancer (Yamamoto et al., 2016). In humans and mice 

this most commonly occurs in the liver and spleen but other sites such as lymph nodes have 

been identified (Wolf and Neiman, 1987, Schlitt et al., 1995, Sohawon et al., 2012). It is a 

compensatory mechanism which is closely related with bone marrow dysfunction with 

reduced capability to produce adequate progenitor and subsequent differentiated cells. In 

response to reduced erythrocyte numbers, erythropoietin production is upregulated which 
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initiates differentiation preference in the myeloid lineage or expansion of progenitors into the 

extramedullary space (Sohawon et al., 2012). In the spleen, EMH occurs in the red pulp. 

Despite the spleen’s notoriously hypoxic, acidic conditions in the presence of digestive 

macrophages, HSCs appear to overcome this harsh microenvironment to compensate for 

particular stresses (Wolf and Neiman, 1987). Haematopoietic cells migrate to extramedullary 

organs and proliferate similarly to the bone marrow by production and cellular expression of 

endothelial expressed ligands such as CXCL12 and SCF (Miwa et al., 2013). Circulating 

haematopoietic progenitors may also be mobilised as a result of haematopoietic stress 

whereby cells ‘seed’ in non-medullary organs. Identifying multiple cells at different stages of 

differentiation supports that EMH can support maturation of cells from most immature HSC 

(CD34 negative) to most mature erythrocytes or platelets (Avecilla et al., 2004).  

 Platelets and Erythrocytes in Thrombosis and Haemostasis 

Studies of thrombosis and haemostasis often focus on platelets as the primary cell of 

interest.  However, emerging evidence suggests that red blood cells play a critical role in 

bleeding and thrombosis through blood rheology and viscosity, exposure of 

phosphatidylserine (PS), haemolysis as well as shear dependent morphological changes 

important in wound healing.  

Patients with high haematocrits (high percentage of erythrocytes in the blood) such as in 

polycythaemia vera or supplementation of EPO are more susceptible to thrombotic disorders 

(Kroll et al., 2015). Erythrocytes contribute to blood viscosity by slowing down the flow of 

blood through vessels and increase platelet margination at the vessel wall (Barshtein et al., 

2007). This initiates platelet hypercoagulability at the vessel wall and thus erythrocytes have 

an indirect effect on platelet activity based on haematocrit and flow conditions (Barshtein et 

al., 2007).   
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In normal cells at rest, PS is located on the inside of the plasma membrane, separating it 

from plasma coagulation factors (Kay and Grinstein, 2013). If cell damage occurs, caused by 

haemolysis, inflammation or shear stress, the erythrocyte membrane may be disrupted and 

PS exposed. Exposure of PS is a normal process of cell senescence (associated with 

programmed cell death pathways, apoptosis and eryptosis) but in cases of haemolysis where 

more cells are expressing PS it has been shown this can induce coagulability. PS is exposed 

on the membrane of activated platelets which functions to generate thrombin and further 

activate neighbouring platelets (Reddy and Rand, 2020). PS exposure on red blood cell 

membranes has been shown to function in the same way, stimulating plasma thrombin 

generation and activating platelets (Whelihan and Mann, 2013, Whelihan et al., 2012). This 

increases levels of circulating activated platelets despite no endothelial damage occurring 

and may induce spontaneous thrombosis and potential cardiovascular events (Whelihan and 

Mann, 2013, Whelihan et al., 2012).   

RBCs interact with activated platelets through GPVI mediated adhesion under low shear 

rates (Goel and Diamond, 2002, Klatt et al., 2018). This ability of RBCs to interact with 

platelets is thought to be the reason for RBC presence in arterial thrombi which are known to 

be ‘platelet rich’, however any direct ligand between the two cell types is yet to be identified 

(Silvain et al., 2011). In vivo models of thrombosis in a mouse model of erythrocytosis and 

poikilocytosis showed reduced stability of thrombi at both arterial and venous shear rates 

despite normal platelet function (Stapley et al., 2021). This suggests thrombus formation at 

arterial shear rates is not solely dependent on platelets but the interaction of platelets and 

RBCs which mediate thrombus stability and platelet recruitment through secondary 

mediators such as platelet activation markers, PS exposure and plasma thrombin generation. 

 Studying genes and proteins in haemostasis and thrombosis 

Platelets are small anucleate cells which play a critical role in primary haemostasis. In the 

bloodstream, platelets marginate against the endothelial wall for rapid detection of vessel 
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damage. Formation of a blood clot or thrombus at the site of injury is the best characterised 

function of platelets in order to stop bleeding and maintain vessel wall integrity (Machlus and 

Italiano, 2013). Exposure of sub-endothelial matrix proteins at the point of vessel injury, or 

generation of thrombin through the coagulation cascade cause platelet activation, adhesion 

and aggregation (Jackson, 2007). This response is augmented by release of feedback 

agonists from activated platelets such as thromboxane A2 and ADP. Platelets contain four 

types of secretory granules; dense (δ)-granules, alpha (α)-granules, multivesicular bodies 

and lysosomes, which contain small molecules, including platelet agonists and a range of 

cytokines, growth factors and coagulation proteins (Golebiewska and Poole, 2015, Heijnen et 

al., 1998). The platelet aggregate or thrombus is strengthened by fibrin crosslinking of 

activated platelets and is stabilised by ‘clot retraction’ subsequently securing the vascular 

plug to the damaged vessel wall (Undas and Ariëns, 2011). By these same mechanisms, 

unwarranted platelet activation can lead to the accumulation of thrombi and cause 

obstruction of blood flow or total occlusion of blood vessels. This can pose serious health 

risks in cardiovascular disease which as of 2020 accounted for approximately 27% of UK 

deaths (BHF, 2020). In comparison, defective platelets unable to aggregate at the site of 

injury can result in abnormal bleeding in some patients. As such, it is essential to understand 

the mechanisms for platelet activation, function and interactions with other blood cells which 

play a crucial part in preventing bleeding and/or thrombosis. 

 Inherited platelet disorders affecting haemostasis 

Platelet function disorders comprise a wide variety of disorders typically characterised by 

defective production of platelets from megakaryocytes in the bone marrow or abnormal 

signalling pathways resulting in defective function. Inherited platelet disorders are a 

heterogeneous group of disorders making identifying a single attributable cause for such 

defects difficult. Thus far, platelet counting and light transmission aggregometry (LTA) remain 

two of the most useful techniques in identifying a single cause for platelet disorders. The 
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normal platelet count in humans is 150-400x109/L, maintained by equilibrium between 

platelet formation and consumption. A low platelet count, <150x109/L in humans is 

characterised as thrombocytopenia and may present platelet dysfunction or bleeding based 

on the reduced numbers of platelets in the circulation, unable to provide sufficient clot 

formation (Patel et al., 2005). In addition to this, while platelet number may be unaffected, 

platelet function disorders may arise due to defects in platelet activation or haemostatic 

signalling pathways. For example, Bernard-Soulier Syndrome (BSS) is a rare inherited 

platelet disorder that results from genetic defects in the genes GPIBA, GPIBB or GP9, where 

together these genes form the platelet membrane receptor GPIb/V/IX which plays a critical 

role in binding to von-willebrand factor (VWF) in thrombus formation. This can be assessed 

in vitro by aggregation in response to ristocetin. In addition to reduced platelet function, BSS 

patients have a macrothrombocytopenia, suggesting critical roles for GPIBA, GPIBB or GP9 

in platelet production. Grey Platelet Syndrome (GPS) is a bleeding disorder characterised by 

the complete absence of α-granules giving platelets their ‘grey’ appearance. Biallelic 

mutations in NBEAL2 result in mild thrombocytopenia and bleeding tendencies (Raccuglia, 

1971, Pluthero et al., 2018, Kahr et al., 2011).  

There are many more inherited bleeding disorders linked to both defective platelet production 

and function (Table 1.1). Here, platelet defects are divided into three subgroups; 

megakaryopoiesis, platelet production and platelet clearance/other. Within each of these 

groups severity of the mutant platelet phenotype varies greatly with no one group presenting 

more severe defects than others. Heritable forms of thrombocytopenia are usually caused by 

mutations in genes involved in platelet production and megakaryocyte (MK) differentiation 

leading to defects in other platelet parameters as well as number including increased platelet 

size (MPV). Over 25 forms of IT have been described to date in OMIM 

(http://www.ncbi.nlm.nih.gov/omim), yet a causative gene remains to be identified in 50% of 

patients. Identification of such genes is fundamental in providing information on proteins 

http://www.ncbi.nlm.nih.gov/omim
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involved in normal platelet physiology. Furthermore, the functional investigation of platelet-

related proteins is critical for developing our understanding of disease pathogenesis and for 

designing patient treatment regimens. 

 The Genotyping and Phenotyping of Platelets Study (GAPP Study) 

The genotyping and phenotyping of platelets study (Watson et al., 2013, Maclachlan et al., 

2017) recruited patients and their families with inherited bleeding disorders in order to identify 

genes and causative variants within these genes attributed to their bleeding. The study was 

launched in Birmingham with key collaborators from the universities of Bristol and Sheffield. 

To date, over 1000 patients have been recruited from over 25 collaborating haemophilia care 

centres across the UK and Ireland (Figure 1.6). The UK-GAPP workflow is standardised 

across all sites utilising techniques such as aggregometry and flow cytometry to characterise 

platelet function, as well as whole exome sequencing (WES) and Sanger sequencing of 

candidate genes to identify disease causing mutations involved in megakaryocyte 

development and platelet formation or platelet function (Watson et al., 2013). For newly 

recruited patients, whole blood samples are collected from referring centres for platelet 

phenotyping and sent to Birmingham for platelet protein and DNA extraction prior to 

sequencing. Several novel variants have been identified as a result of this study, such as 

those in SLFN14, RUNX1 and FLI1 providing patients with a definitive diagnosis of their 

disease (Table 1.1) (Fletcher et al., 2015) (Almazni et al., 2021, Almazni et al., 2019, Khan et 

al., 2020b). Three unrelated families with novel Schlafen 14 (SLFN14) variants were 

discovered in the UK-GAPP study (highlighted orange in Table 1.1).  
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Figure 1.6: UK-GAPP patient recruitment sites shown by red point markers. 
Collaborating hub laboratories were in Bristol and Sheffield with the main laboratory 
responsible for platelet functional testing at the University of Birmingham (blue star icon).  
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Table 1.1: Genetic causes of inherited thrombocytopenia and associated syndromes. Taken from (Almazni et al., 2019).  

Platelet Defect Gene Disorder Syndrome or features 

 

Reference 

Megakaryopoiesis ANKRD26 ANKRD26-related thrombocytopenia Predisposition to leukaemia. Reduction of platelet α-

granules. Normal in vitro platelet aggregation and 

mean platelet volume. Some patients have high level 

of haemoglobin and leukocyte.  

 

(Bluteau et al., 2014, 

Pippucci et al., 2011) 

ETV6 ETV6-related thrombocytopenia  

 

Leukaemia predisposition. High erythrocyte mean 

corpuscular volume (MCV). Some patients have 

elevated red cell MCV. 

 

(Noetzli et al., 2015) 

FLI1 Paris-Trousseau thrombocytopenia 

/Jacobsen syndrome 

 

Abnormal development of heart and face. Intellectual 

disabilities. Large α-granules. Abnormal MKs 

morphology. Normal RBCs and WBCs counts. 

Moderate thrombocytopenia. 

 

(Stevenson et al., 2015) 

FYB FYB-related thrombocytopenia  

 

Small platelets. Reduction of mature MKs in BM. 

Significant bleeding tendency. Normal WBCs count. 

Low mean platelet volume MPV. Mild iron deficiency 

anaemia.   

 

(Koren et al., 2015) 

GATA1 GATA1-related disease: X-linked 

thrombocytopenia (XLT) and X-linked 

thrombocytopenia with thalassemia 

(XLTT) 

 

Dyserythropoietic anaemia. Macrothrombocytopenia. 

Beta-thalassemia. Congenital erythropoietic porphyria. 

Erythrocyte abnormalities. Splenomegaly 

(Freson et al., 2017) 

GFI1B Macrothrombocytopenia and platelet 

function defects 

 

 

Macrothrombocytopenia.  Red cell anisopoikilocytosis. 

platelet dysfunction.  Reduction of platelet α-granules. 

(Stevenson et al., 

2013b) 
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HOXA11 Amegakaryocytic thrombocytopenia 

with radio-ulnar synostosis 

 

Bilateral radioulnar synostosis. Severe bone marrow 

failure.  Cardiac and renal malformations. B-cell 

deficiency. Hearing loss. Clinodactyly. Some 

patients show skeletal anomalies. Some patients 

have developed pancytopenia.  

(Horvat-Switzer and 

Thompson, 2006) 

MECOM 

 

Congenital amegakaryocytic 

thrombocytopenia and radioulnar 

synostosis 

(Germeshausen et al., 

2018) 

 

 

MPL 

 

Congenital amegakaryocytic 

thrombocytopenia (CAMT)  

Absence or reduced of MKs in BM. No physical 

anomalies. Development to BM aplasia in infancy.  

 

(Ihara et al., 1999) 

NBEAL2 Grey Platelet Syndrome  

 

Impaired platelet function.  Severe reduction of 

platelet α-granules contents. Large platelets. 

Development of myelofibrosis and splenomegaly in 

some patients. Abnormalities in megakaryocyte 

development.    

 

(Pluthero et al., 2018) 

RBM8A 

 

Thrombocytopenia-absent radius 

syndrome  

Bilateral radial aplasia. Elevated haemoglobin level 

in patients with 5’UTR SNP. Normal WBCs count 

and some patients have leucocytosis and 

eosinophilia.  Anaemia.  Skeletal, urogenital, kidney 

and heart defects. Reduced MKs in BM.  

(Manukjan et al., 

2017) 

RUNX1 Familial platelet disorder with 

propensity to acute myelogenous 

leukemia (FPD/AML) 

 

Platelet defects. Variable platelet counts.  Reduction 

in dense granule secretion observed in secondary 

qualitative abnormality. Myelodysplasia.  Reduced 

response to several platelet agonists.  

(Morgan and Daly, 

2017) 

SLFN14 SLFN14-related thrombocytopenia  

 

Giant platelets. Decreased ATP secretion. Reduced 

number of dense granules.  

 

(Fletcher et al., 2015, 

Marconi et al., 2016, 

Saes et al., 2019) 

SRC 

 

SRC-related thrombocytopenia Myelofibrosis, bleeding, and bone pathologies.  

Hypercellular bone marrow with trilineage dysplasia. 

Platelets are dysmorphic and variable in 

size.   Splenomegaly and congenital facial 

dysmorphism.   

(Turro et al., 2016) 
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THPO Inherited thrombocytopenia from 

monoallelic THPO mutation 

 

Bone marrow aplasia. Normal or enlarged platelet 

morphology.  

(Marconi et al., 2017) 

 PTPRJ 

 

Inherited thrombocytopenia syndromic thrombocytopenia characterized by 

spontaneous bleeding, small-sized platelets. Impaired 

platelet function.  

(Wen and Wang, 

2019) 

  

GALE 

 

 

Inherited thrombocytopenia 

Dysplastic megakaryocytes. Some patients have mild 

anemia and febrile neutropenia. Big and pale platelets. 

Galactosemia, hypotonia, seizures, jaundice, 

galactosuria and hepatomegaly.  

 

(Seo et al., 2019) 

 

 IKZF5 Inherited thrombocytopenia                                    - (Lentaigne et al., 

2019) 

 NF-E2 Inherited thrombocytopenia                                    - (Luk et al., 2020) 

Platelet production ACTIN1 ACTN1-related thrombocytopenia  

 

Congenital macrothrombocytopenia. Anisocytosis. 

Absent or mild bleeding diathesis.   

(Kunishima et al., 

2013) 

CYCS CYCS-related thrombocytopenia  

 

Normal platelet size and volume.  (Ong et al., 2017) 

GNE GNE myopathy with congenital 

thrombocytopenia. 

 

Rimmed vacuoles.  Haematological complications 

are rare.  Proteinuria and haematuria in some 

patients.   Membranoproliferative glomerulonephritis. 

Platelets size are normal to large.  

(Futterer et al., 2018, 

Revel-Vilk et al., 2018) 

GP1BA 

 

 

Bernard-Soulier Syndrome (BSS)+ 

platelet type von-Willebrand disease 

(PTvWD) 

 

 

 

Macrothrombocytopenia. Severe bleeding tendency 

with platelet function defect.  Platelet anisocytosis. 

(Othman and Emsley, 

2017) 

 

(Sivapalaratnam et al., 

2017) 

(Wright et al., 1993) 

 

GPIBB 

 

GP9 

 

 

ITGA2B 

 

Glanzmann thrombasthenia 

 

Impaired platelet function.  

 

 

(Burk et al., 1991) 

(Nurden et al., 2013) ITGB3 
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MYH9 MYH9-related disease (MYH9-RD) 

 

Congenital macrothrombocytopaenia. Mild bleeding 

tendency. Development of kidney dysfunction, 

deafness, cataracts and Döhle-like bodies. Elevated 

liver enzymes. 

 

(Balduini et al., 2011) 

PRKACG PRKACG-related thrombocytopenia 

 

Giant platelet. Impaired platelet function.  (Manchev et al., 2014) 

TRPM7 

 

TRPM7-related thrombocytopenia Macrothrombocytopenia.  Atrial fibrillation. (Stritt et al., 2016a) 

TPM4 

 

Tropomyosin 4-related thrombocytopenia Macrothrombocytopenia. All other blood cell counts 

are normal. Mild effect on platelet function.  

 

(Pleines et al., 2017) 

TUBB1 TUBB1-related thrombocytopenia 

 

Congenital macrothrombocytopenia.  (Kunishima et al., 

2009) 

WAS Wiskott-Aldrich syndrome, X-linked 

thrombocytopenia (XLT) 

 

Mild or severe immunodeficiency, haematopoietic 

malignancies and eczema. Thrombocytopenia with 

small platelets.  Autoimmune haemolytic anaemia. 

 

(Massaad et al., 2013) 

 FLNA 

 

Filaminopathies A X-linked dominant form of periventricular nodular 

heterotopia (FLNA-PVNH) and the otopalatodigital 

syndrome spectrum of disorders. Haemorrhage and 

coagulopathy.  Abnormal platelet morphology. 

 

(Nurden et al., 2011) 

 DIAPH1 

 

Macrothrombocytopenia (MTP) and 

hearing loss 

                                 _ (Stritt et al., 2016b) 

Platelet clearance/ 

other 

ABCG5 

ABCG8 

Macrothrombocytopenia associated 

with Sitosterolemia. 

Xanthomas and premature coronary atherosclerosis 

due to hypercholesterolemia. Haematologic 

abnormality. 

(Bastida et al., 2017) 

(Bardawil et al., 2017) 

 

STIM1 Stormorken Syndrome and York 

platelet syndrome  

 

Tubular myopathy and congenital miosis.  Severe 

immune dysfunction. 

(Shahrizaila et al., 

2014, Markello et al., 

2015) 



31 
 

  

ORAI1 

 

Stormorken syndrome CRAC channelopathy.  Severe combined 

immunodeficiency, autoimmunity, muscular 

hypotonia, and ectodermal dysplasia. 

 

(Lacruz and Feske) 

vWF Von Willebrand disease type IIB 

 

                               _ (Cooney et al., 1991) 

MASTL 

 

Autosomal dominant thrombocytopenia                                _ (Hurtado et al., 2018) 

ADAMTS13 Thrombotic thrombocytopenia purpura 

 

Upshaw-Schulman syndrome. Anaemia.  (Levy et al., 2001) 
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 SLFN14 mutations in unrelated families with a dominant form of 

thrombocytopenia 

 
A novel thrombocytopenia causing gene was identified in three unrelated families, namely 

SLFN14, through the British Heart Foundation (BHF) funded UK-GAPP study (Fletcher et al., 

2015). Patients harbouring SLFN14 mutations displayed an analogous phenotype that 

consisted of moderate thrombocytopenia, enlarged platelets, decreased ATP secretion and a 

dominant inheritance pattern (Figure 1.7). Three heterozygous missense mutations were 

identified in affected family members and predicted to encode amino acid substitutions 

(K218E, K219N, V220D). Since the discovery of SLFN14 related thrombocytopenia 

(SLFN14-RT), an additional mutation (p.R223W) was identified in 3 family members with an 

inherited thrombocytopenia (IT) (Family D, Figure 1.7) (Marconi et al., 2016) and most 

recently, (Saes et al., 2019) a further patient with an alternative base change at nucleotide 

c.657 resulting in the same K219N mutation (Family E, Figure 1.7). The R223W mutation led 

to reduced megakaryocyte maturation and decreased proplatelet formation in cultured 

megakaryocytes derived from patient peripheral blood and the proband identified by Saes et 

al. presented with bleeding, macrothrombocytopenia and an unspecified secretion defect, 

consistent with preliminary data from the GAPP study (Saes et al., 2019). All these variants 

apart from R223W (Variant ID: 17-33884415-G-A) were not reported in the gnomAD 

(genome aggregation database) highlighting their rarity amongst different populations and 

confinement to the published four families. All patients were recruited based on a bleeding 

phenotype but it is unclear at this stage if any of the mutations within SLFN14 present a more 

severe platelet phenotype than others.  Endogenous SLFN14 expression was reduced in 

platelets from all patients from the UK-GAPP cohort and mutant SLFN14 expression was 

decreased by approximately 65-80% compared to wild-type SLFN14 when overexpressed in 

transfected cells (Fletcher et al., 2018). Whole mount electron microscopy revealed a 

reduced number of dense granules in affected patient platelets, correlating with a decreased 
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ATP secretion observed in lumiaggregometry studies (Fletcher et al., 2015). These results 

identified SLFN14 mutations as cause for an IT with excessive bleeding, outlining a 

fundamental role for SLFN14 in platelet formation and function. Interestingly, 

thrombocytopenia was moderate in the patients studied, suggesting that the increased 

bleeding was also due to impaired platelet function thus SLFN14 appears to regulate platelet 

function as well as number (Fletcher et al., 2015).  All of the SLFN14 mutations identified to 

date are within an ATPase-AAA-4, GTP/ATP binding region of SLFN14 conserved between 

species with the exception of V220D which is semi-conserved (Figure 1.8). 
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Figure 1.7: SLFN14 mutations identified in 5 unrelated families with inherited thrombocytopenia and bleeding. Figure adapted using 
pedigree and Sanger sequencing traces. (Fletcher et al., 2015, Marconi et al., 2016, Saes et al., 2019). Affected family members are shown by 
shaded symbols, * in families A, B and C used in GAPP phenotyping assays and arrow in family D by Marconi et al. No familial information for 
family E was available by Saes et al.  
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Figure 1.8: SLFN14 mutations are conserved between species with the exception of V220D. Figure adapted from Fletcher et al to show all 
5 unrelated familial mutations in SLFN14 conserved between species (Fletcher et al., 2015, Marconi et al., 2016, Saes et al., 2019) 
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 The SLFN family of genes and proteins 

After the identification of SLFN14, its structure and cellular function was studied in more 

detail. The SLFN family of genes were initially discovered in mice by Schwarz et al., involved 

early in the T cell lineage, regulating differentiation, maturation and in some instances 

ablating growth (Schwarz et al., 1998). Overexpression of SLFN1 resulted in cell cycle arrest 

at the G0/G1 phase and as such was named “Schlafen” translated from German as “to 

sleep” (Schwarz et al., 1998). Subsequent studies classified the SLFNs into three distinct 

subgroups based on size and domain homology (Kaiser et al., 2004, Neumann et al., 2008). 

10 mouse and 6 human SLFN genes have been identified to date involved in viral replication 

and translational control (Seong et al., 2017, Yang et al., 2018, Liu et al., 2018, 

Mavrommatis et al., 2013). All 10 mouse SLFN genes possess a core region containing a 

unique “slfn box” with an unknown function. Subgroups II and III contain an extra domain 

conserved by a region flanked by the five amino acid signature (Ser-Trp-Ala-Asp-Leu) 

‘SWADL’ appearing to be SLFN specific. This was discovered in early characterisation of the 

SLFN family whereby SLFNs 3 and 4 possessed an additional 200 amino acid sequence not 

found in subgroup I (Schwarz et al., 1998). Adjacent to this is the C-terminal ‘ATPases 

associated with diverse cellular activities’ (AAA) domain. Based on protein homology, the 

AAA motif is thought to function similarly to classical AAA domains in ATP/GTP binding in 

DNA and RNA metabolism (Hanson and Whiteheart, 2005, Lupas and Martin, 2002). 

Another protein was discovered with significant similarity to those in subgroup II, extending 

C-terminal a further 400 amino acids. When aligned, the first 570 amino acids were 

homologous to SLFNs 3 and 4 while the remainder was unique to SLFN8 leading to the 

classification of the final SLFN subgroup, III (Kaiser et al., 2004). Additional homologous 

genes to SLFN8 were identified as SLFN5, SLFN9, SLFN10 and SLFN14, whereby the last 

two coding exons are confined to this final subgroup. NCBI conserved domain database 

(CDD) searches revealed significant homology to motifs typical of superfamily I of RNA/DNA 

helicases which are known to mediate DNA and RNA metabolism (Kaiser et al., 2004). 

Based on length and homology, SLFN14 belongs to subgroup III (Figure 1.9) (Stapley et al., 
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2020). It is currently unclear the exact roles these SLFNs play in health and disease and 

more specifically the physiological roles of the members in each subgroup. Subgroup 

structure is consistent between humans and mice as identified in early studies by Kaiser et 

al. however it is unclear at this stage if SLFNs between species have the same 

endoribunucleolytic active site. SLFN5 and SLFN14 are the only two subgroup III SLFNs 

shared between humans and mice (Puck et al., 2015). In both species, subgroup III SLFNs 

localise within the nucleus whereas subgroups I and II reside in the cytoplasm (Neumann et 

al., 2008). This reveals potential reasons for subgroup III SLFNs to have a direct impact on 

protein translation in cell differentiation and proliferation. Additionally, multiple SLFNs with 

the same structure and function may act in a compensatory fashion whereby some SLFNs 

may be functionally redundant or in the case of mutant forms, one or more other SLFNs may 

be able to take over its role in transcriptional control. 
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Figure 1.9: SLFN family of genes highlighting domains and regions in both Homo 
sapiens and Mus musculus. ‘slfn’ box is unique to SLFN proteins and function remains 
unknown. The AAA domain is responsible for DNA and RNA metabolism and in humans is 
the region of mutations associated with thrombocytopenia and bleeding. SWADL region, 
believed to be SLFN specific, is a sequence flanked by SWA and DL amino acids. Helicase 
regions at the C-terminal end of the protein are known to mediate DNA and RNA 
metabolism. (Stapley et al., 2020).  
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 SLFN14 is a ribosome-associated endoribonuclease  

Very little is known about the SLFN protein family, especially SLFN14, and the mechanism 

through which SLFN14 mutations might cause thrombocytopenia and bleeding. The single 

nucleotide variants in SLFN14 identified within the patients are predicted to result in 

substitutions within the highly conserved ATPase-AAA-4 domain of SLFN14 species (Figure 

1.8). SLFN14 also contains a C-terminus with homology to superfamily I of DNA/RNA 

helicases (Schwarz et al., 1998, Geserick et al., 2004). Recent evidence suggests shorter 

SLFN14 isoforms are bound to ribosomes and function as an endoribonuclease, regulating 

rRNA and ribosome-associated mRNA cleavage and translational control (Pisareva et al., 

2015). While the longer SLFN14 isoform is found to localise to the nucleus and lack 

endoribonuclease activity, yet its function is still unknown (Pisareva et al., 2015). SLFN14 

has a direct orthologue in mice with approximately 70% shared protein sequence homology. 

Studies by Rowley et al. show high levels of SLFN14 mRNA in murine platelets suggesting 

that SLFN14 may play a role in murine MK and platelet development or function and 

platelets may indeed translate their own SLFN14 protein maintaining overall function 

(Rowley et al., 2012). In patients where platelet SLFN14 expression is reduced, this may 

contribute to their reduced platelet count and function although the mechanism for this 

remains to be explored.  

In reticulocytes, SLFN14 is strongly overexpressed tethered to ribosomes, and appears to 

be one of the major ribosome-associated proteins (Pisareva et al., 2015). SLFN14 binds to 

ribosomes and ribosomal subunits in the low part of the body and cleaves RNA but 

preferentially rRNA and ribosome-associated mRNA (Fletcher et al., 2018). Importantly, only 

a few endoribonucleases participating in ribosome-mediated processes are characterised to 

date, and none of them are shown to be directly associated with the ribosome. Consistently, 

in megakaryocyte-like cell lines (Dami cells), SLFN14 wild-type and thrombocytopenia-

related mutants co-localise with ribosomes and reveal endoribonucleolytic activity resulting 

in reduced rRNA staining (Fletcher et al., 2018). In addition, SLFN14 is shown to cleave 
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RNA at the ribosomal unit and in HEK293T cells, each SLFN14 mutant displayed 

rRNA/tRNA/mRNA degradation by the presence of rRNA fragments. Notably, the 

mechanisms of mRNA and ribosomal decay in platelets are not known nor is it clear if 

SLFN14 cleaves any RNA it encounters during translation or more specific RNAs involved in 

haematopoiesis. It is well-known that the turnover of rRNA/tRNA/mRNA plays an important 

role in translation control and regulating gene expression (Tomecki and Dziembowski, 2010). 

As such compared to SLFN14 wild-types, expression of K218E mutants is dramatically 

reduced as a result of post-translational degradation due to partial misfolding of the protein 

(Fletcher et al., 2018).  

 The physiological role of endoribonucleases 

mRNA turnover is a means of controlling cellular transcription by degrading RNA which 

occurs by two main processes in most, if not all eukaryotic mRNAs. The first is termed 

mRNA surveillance, which involves shortening of the mRNA to an oligo which is no longer 

capable of binding to Pab1p, the major binding protein for transcription in eukaryotes 

(Dunckley and Parker, 2001). The second process involves direct cleavage within the body 

of the mRNA catalysed by sequence-specific endoribonucleases (Dunckley and Parker, 

2001). This sequence specificity means endoribonucleases can target RNAs which are 

involved in cell differentiation processes and lead to the development of disease. This has 

previouslty been explored by Mattijssen et al, 2010 in the context of autoimmune disorders 

(Mattijssen et al., 2010). 

Endoribonucleases mediate ribosomal clearance and ribosomal, messenger and 

mitochondrial RNA turnover however, mutant variants of ribosome-related proteins, such as 

SLFN14, may cause errors in both ribosome homeostasis and subsequent haematopoietic 

lineage dysfunction (Ricciardi et al., 2015, Narla and Ebert, 2010, Seong et al., 2017). Given 

the structural similarity of SLFN13 to other subgroup III genes (such as SLFN14) and the 

recent report on SLFN13’s role as an endoribonuclease it seems plausible to hypothesise 
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that SLFN14 may be impacting haematopoietic differentiation and more specifically platelet 

synthesis in humans by acting as an endoribonuclease, inhibiting translation and preventing 

complete protein synthesis within the haematopoietic lineage (Yang et al., 2018). Taking into 

account ribosomal association and RNA degradation activities of SLFN14, it may contribute 

to the expression of genes or transcription factors directly involved in haematopoietic 

programming. 
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 Research hypothesis and aims 

Based on previous findings, it was hypothesised that SLFN14 is a key regulator in 

haematopoiesis and platelet function and as such, mutations within SLFN14 may impact 

differentiation and function of platelets.  

 

This hypothesis lead to the development of the following research aims:  

1. To develop a viable mouse model with homologous SLFN14 mutation to patients (K219N 

in patients and K208N in mice). (Chapter 3) 

2. To investigate the role of SLFN14-K208N in platelet function using in vitro and in vivo 

platelet function assays. (Chapter 4) 

 3. To investigate the role of SLFN14-K208N and in haematopoiesis with particular focus on 

the myeloid lineage of platelet and erythrocyte differentiation. (Chapter 5) 

4. To develop a viable SLFN14 platelet specific knockout mouse using the PF4Cre loxP 

system (SLFN14 PF4Cre) to investigate the involvement of SLFN14 specifically in 

megakaryopoiesis and platelet function. (Chapter 6) 
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 Chapter 2 – Materials and Methods 

 Materials 

All antibodies and platelet agonists are listed in Table 2.1 and Table 2.2.  

 Mice  

Targeting strategies for the generation of all genetically modified mice is detailed in the 

corresponding results chapters. In short, a SLFN14-K208N point mutation mouse was 

generated using in house CRISPR-Cas9 gene editing to induce the G>T mutation observed 

in K219N patients. MK and platelet specific SLFN14 knockout mice (SLFN14-PF4Cre) were 

generated using the Cre-LoxP system published by Tiedt et al. whereby a floxed SLFN14 

allele was generated and bred with PF4Cre mice leading to MK/platelet specific deletion of 

exons 2 and 3 in SLFN14. All mice were generated on a C57BL/6J background. Animal care 

and welfare was controlled in accordance with Home Office regulations and the use of 

Animals in Scientific Procedures Act 1986 (ASPA 1986) under PPLs P53D52513 and 

Pp3749922. Animals were housed at the Biomedical Services Unit at the University of 

Birmingham.  
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Table 2.1: Table of antibodies 

FCC, flow cytometry counting; FC, flow cytometry; IV, In vivo labelling; CM, confocal 
microscopy; b/w, body weight  

Antibody Host species, conjugate, 
catalogue number 

Manufacturer Dilution 

CD41 (αIIb) – mouse Rat, APC, 133913 Biolegend FCC 1:200 
FC 1:100 

Ter119 – mouse Rat IgG2b, FITC, 116205 Biolegend FCC & FC 
1:100 

Ter119 - mouse Rat IgG2b, APC e-780, 
15371660 
 

eBioscience FC 1:100 

CLEC2 - mouse Rat, FITC, 17D9MCA5700F 
 

Bio-Rad Laboratories FC 1:100 

CD42a (GpIb) – mouse 
 

Rat, FITC, M040-1 Emfret Analytics FC 1:100 

CD49b (α2) – mouse  
 

Rat, FITC, M071-1 Emfret Analytics FC 1:100 

CD41/CD61 (integrin 
αIIbβ3) – mouse 

Rat, FITC, M025-1 Emfret Analytics FC 1:100 

GPVI – mouse  
 

Rat, FITC, M011-1 Emfret Analytics FC 1:100 

CD62P (P-selectin) – 
mouse 

Rat, FITC, M130-1 Emfret Analytics FC 1:100 

CD41/CD61 activated 
(JON/A) – mouse 

Rat, PE, M023-2 Emfret Analytics FC 1:100 

CD42c (GPIbβ) – mouse 
 

Rat, DyLight488, X488 Emfret Analytics IV 0.1µg/g 

CD71 (transferrin receptor) 
– mouse 

Rat, PE, 553267 BD Biosciences FC 1:100 

CD41 (αIIb) – mouse 
 

Rat, AlexaFluor®488, 133907 Biolegend CM 1:100 

CD71 (transferrin receptor) 
– mouse 

Rat, AlexaFluor®647, 563504 BD Biosciences CM 1:100 

Ter119 – mouse 
 

Rat, , AlexaFluor®488, 116215 Biolegend CM 1:100 

CD45 – mouse Rat, APC e-780, 47-0451-82 
 

ThermoFisher FC 1:100 

CD45 – mouse 
 

Rat, APC, 17-0451-82 ThermoFisher FC 1:100 

CD45 – mouse 
 

Rat, FITC, 11-0451-85 ThermoFisher FC 1:100 

CD45 – mouse  
 

Rat, PE, 12-0451-82 ThermoFisher FC 1:100 

Isotype controls    

IgG 
 

Rat, FITC, P190-1 Emfret Analytics FC 1:100 

IgG2a 
 

Rat, PE, 400507 Biolegend FC 1:100 

IgG1 
 

Rat, APC, 400411 Biolegend FC 1:100 

IgG2b Rat, FITC, MCA6006F 
 

Bio-Rad Laboratories FC 1:100 

IgG2b  Rat, APC e-780, 15321650 
 

eBioscience FC 1:100 
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Table 2.2: Table of platelet agonists 

Agonist Receptor interaction Manufacturer, catalogue 
number 

ADP 
 

P2Y1, P2Y12 Sigma, A2754 

Collagen 
 

GPVI, αIIbβ3 Takeda, 1130630 

CRP (collagen related peptide) 
 

GPVI Provided by Prof. Farndale; 
cross-linked in-house 

Fibrinogen 
 

αIIbβ3 Enzyme research, FIB3 

PAR4-peptide 
 

PAR4 Alta biosciences 

Thrombin PAR1, PAR4 (PAR3 and 
PAR4 in mice) 

Sigma, T4648 

U46619 
 

TP (thromboxane A2) Sigma, D8174 

Rhodocytin CLEC-2 Isolated as previously 
described. (Shin and Morita, 
1998). 
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 Molecular Biology 

Genotyping of SLFN14-PF4Cre mice was determined by polymerase chain reaction (PCR) 

and SLFN14-K208N mice by PCR and subsequent Sanger sequencing. All primers are 

shown in Table 2.3. Due to the COVID-19 pandemic, from March 2020, ear clips from 

SLFN14-K208N mice were sent to Transnetyx®, TN US for automated genotyping. 

 DNA Extraction 

Ear clips from 3 week old mice prior to weaning were provided by the Biomedical Services 

Unit (BMSU) and DNA was extracted as per the Qiagen DNeasy Blood and Tissue extraction 

kit (Qiagen, UK, #69504). DNA was subsequently stored at -20°C for short term and then 

moved to -80°C for long term storage.  

 PCR: genotyping SLFN14-PF4Cre knock-out mouse 

PCR was performed for detection of the floxed (fl) and wildtype (WT) allele. A separate PCR 

reaction was used to detect Cre deleter expression. Primers were purchased from Sigma-

Aldrich® and run on Bio-Rad DNA Engine Tetrad® Peltier Thermal Cycler (Table 2.4). 

 PCR: genotyping SLFN14-K208N knock-in mouse 

PCR was performed with primers purchased from Sigma-Aldrich® using same equipment as 

and protocol in Table 2.5.  
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Table 2.3: PCR and Sanger sequencing primers 

Gene Target Forward primer Reverse primer 

SLFN14fl GGCTCAGTTGGTAGCTAGAG CAGACATGACCTCATGGAAC 

PF4Cre CCCATACAGCACACCTTTTG  TGCACAGTCAGCAGGTT  

SLFN14-K208N GATATTAAGATGTGTGCCTTGG GTTTTTAGTGAGTCGGGGTTCAC 

 

Table 2.4: PCR protocols for SLFN14fl and PF4Cre; mixtures and cycling conditions 

SLFN14fl PCR: Per reaction (11μl) PF4Cre PCR: Per reaction (11μl) 

5µl NEB LongAmp® Taq 2X Mater Mix 

0.5µl (10µM) forward primer 

0.5µl (10µM) reverse primer 

3µl ddH20 

2µl DNA (neat) 

(+2µl 6X Loading dye post PCR #N0550S) 

5µl Sigma-Aldrich® REDTaq® Ready MixTM 

0.5µl (10µM) forward primer  

0.5µl (10µM) reverse primer 

3µl ddH20 

2µl DNA (neat) 

95°C for 2 minutes 

95°C for 30 seconds 

56°C for 1 minute              x34 cycles 

68°C for 4 minutes 

72°C for 3 minutes 

Incubate at 4°C 

Product sizes – flox 2120bp WT 2086bp Product sizes - + 200bp; - no band 
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Table 2.5: PCR protocols for SLFN14-K208N; mixtures and cycling conditions 

SLFN1-K208N PCR: Per reaction (25μl) 

12.5µl Sigma-Aldrich® REDTaq® Ready MixTM 

0.5µl (10µM) forward primer 

0.5µl (10µM) reverse primer 

9.5µl ddH20 

2µl DNA (neat) 

94°C for 3 minutes 

94° for 1 minute   

60°C for 1 minute       x30 cycles 

72°C for 1 minute 

72°C for 5 minutes 

Incubate at 4°C 

Fragment size: 263bp for Sanger sequencing 
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 Agarose gel electrophoresis 

SLFN14-K208N PCR products were visualised using gel electrophoresis. A 1% agarose gel 

made with TAE buffer was stained with Safe View dye (1μl per 15ml gel) and PCR products 

were run at 100V for 25 minutes. SLFN14-PF4Cre PCR products were loaded on a 1.5% gel 

with 2µl 6X loading dye and run at 60V for 1 hour to ensure clear separation of similar sized 

bands. All gels were loaded with 5µl NEB Quick-Load® purple 1Kb plus DNA ladder. Gels 

were imaged using ultraviolet trans-illuminator (Syngene, Gene Genius Bio Imaging System) 

and Genesnap software (version 6.03.00) for visualisation of PCR bands.  

 Sanger Sequencing of PCR products 

 Post PCR purification 

2.4µl of PCR product was added to a 96 well plate and an equal volume of microCLEAN 

(Microzone Ltd) solution added to each well using the Eppendorf Multipette Stream®. The 

plate was spun at 1900 G for 40 minutes using the Hettich® Universal 320R plate centrifuge 

to pellet the PCR product and then upside down onto tissue at 30 G for 30 seconds to 

remove supernatant. Purified PCR pellets were then ready for Sanger sequencing PCR.  

 Sequencing PCR 

After purification, concentrated PCR pellets were amplified for Sanger sequencing using a 

final concentration of 4pmol of the original primers in combination with the BigDye® 

Terminator v3.1 cycle sequencing kit from ThermoFisher UK. After a brief vortex and pulse 

centrifuge, the PCR mix below was run as per conditions in Table 2.6.  
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Table 2.6: PCR protocols for SLFN14-K208N Sanger sequencing; mixture and cycling 
conditions 

SLFN14-K208N Sanger sequencing PCR: Per reaction (10μl) 

0.5µl BigDye® Ready Reaction Mix 

2µl BigDye® Terminator 5x Sequencing Buffer 

0.4µl (10µM) forward or reverse primer 

7.1µl dH20 

96°C for 30 seconds   

50°C for 15 seconds                    x30 cycles 

60°C for 4 minutes 

Incubate at 4°C 
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 Post-Sequencing PCR purification 

Sequencing reactions were purified by adding 2µl 0.125M EDTA to each well with 30µl 100% 

ethanol. The plate was centrifuged for 20 minutes at 500 G and then upside down for 30 

seconds at 30 G to remove supernatant. 90µl of freshly prepared 70% ethanol was added to 

each well, spun for 10 minutes at 500 G, upside down for 30 seconds at 30 G and then 

repeated for a second time. After this, pellets were left to air dry for 5 minutes before 

preparing samples for the sequencer.  

 Preparation of samples for ABI 3730XL Sequencer 

10µl Hi-DiTM Formamide from Applied BiosystemsTM was added to each well and mixed to 

resuspend pellet. DNA was denatured for 2 minutes at 94°C on the Tetrad® and immediately 

snap-chilled on ice to prevent re-annealing of single stranded DNA.  

 Sequencing Analysis 

The plate was sequenced using Applied BiosystemsTM 3730XL Automated Sequencer which 

uses capillary electrophoresis for separation of DNA fragments.  Data was uploaded to the 

University of Birmingham sequencing directory and sequences were analysed with Chromas 

Version 2.4 software against reference SLFN14 sequences downloaded from ensembl cDNA 

sequence database (Ensembl, 2018). Any samples with high background or suspected 

contamination were repeated using the same protocol.  

 Haematological analysis 

 Blood collection by exsanguination 

Mice were selected based on genotype and age; all mice used were aged 8-16 weeks (adult) 

and sex matched. Litter matched controls were used for comparison in all experiments and 

genotype abbreviations are given in each relevant chapter. Exsanguination took place in the 

BMSU under terminal anaesthesia by inhalation of isoflurane/O2 (5%) gas. Blood was drawn 

from the inferior vena cava (IVC) using a 25 gauge needle into 10% acid citrate dextrose 
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(ACD). Following collection, blood was inverted in an Eppendorf gently to mix and prevent 

coagulation.  

 Automated blood counting 

An automated HORIBA Medical Pentra ES 60 blood counter was used to count whole blood 

in SLFN14 indel and SLFN14-PF4Cre colonies. 65µl of whole blood mixed with ACD 

anticoagulant was used. Data was adjusted to correct for anticoagulant dilution.  

 Histological analysis 

Whole blood was taken from exsanguinated mice into EDTA anticoagulant and peripheral 

whole blood smears were prepared using a laboratory standardised protocol and stained with 

ThermoFisher ShandonTM Kwick DiffTM stain kit (ThermoFisher, UK, #9990700).  

Spleens and femurs were collected from sex and age matched mice exsanguinated schedule 

1 culled. Spleen length and weight were measured. Spleens were stored in formalin solution 

10% neutral buffered with 4% paraformaldehyde (PFA) for histological sectioning. Spleens 

and decalcified bones were embedded in paraffin wax, sectioned at 5μm, mounted onto 

microscope slides and stained with Haematoxylin and Eosin (H&E). After staining, slides 

were scanned using light microscopy on the Zeiss Axio ScanZ1 slide scanner (Carl Zeiss 

Ltd, Cambridge, UK). 

 Flow Cytometry 

 SLFN14- K208N mouse platelet and erythrocyte counts 

For each mouse 5µl of well mixed whole blood was taken into a 5ml FACS tube. 45µl of 

antibody mix composed of PBS, CD41 APC and Ter119 FITC was added (Table 2.1). The 

staining solution was left to incubate in the dark for 15 minutes (1:10 dilution) followed by the 

addition of 2950µl of PBS pipette mixed 6 times (1:60 dilution). 50µl of this was transferred 

into a new 5ml FACS tube and made up to 1000µl (1:20 dilution). Overall this resulted in a 

dilution factor of 12,000 which was identified as the optimum dilution eliminating coincidence 
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events with red blood cells and platelets in the flow cytometer. All samples were individually 

gently pipette mixed 6 times prior to measurement ensuring sample homogeneity. The 

Accuri™ C6 flow cytometer (BD, UK) measured 30µl of sample at slow flow rate and 

threshold set to 35,000 to exclude debris. Gates were set for platelet and red blood cell 

populations indicated by a positive staining shift from an unstained control. The number of 

cells were calculated using the value of events in 30µl and correcting by the overall dilution 

factor. Size was quantified by forward scatter area histograms (Mean-FSC-A) (Masters and 

Harrison, 2014).  

 Platelet glycoprotein surface expression 

For each mouse 25µl of well mixed whole blood was added to 225ul PBS (1:10 dilution) and 

stained with CD41 by adding 1µl into an Eppendorf. 25µl of stained blood for each mouse 

was then aliquoted across 7 wells in a 96 well flat bottom plate. Major platelet glycoprotein 

antibodies (Isotype control CLEC-2, CLEC-2, GP1Bα, α2, αIIbβ3, GPVI and FITC control) 

were diluted as per Table 2.1 and 25µl of this mix was added to one well for each sample. 

The plate was left to incubate in the dark for 15 minutes then 100µl PBS was added to each 

well, mixing with a pipette to end the reaction. 5000 events in the CD41 positive channel 

were measured and sample mean fluorescence intensity (MFI) was calculated.  

 Immature platelet fraction (IPF) in whole blood using SYTO13 nucleic acid dye 

Mice were anaesthetised and terminally bled from the IVC into 100µl ACD anticoagulant as 

before. 3µl SYTO13 dye, 5µl whole blood, CD41 (αIIbβ3) antibody at a final concentration of 

1:400 and PBS were left to incubate at room temperature for 20 minutes in the dark. 200µl 

1% PFA was added and samplers run on an Accuri™ C6 flow cytometer (BD.UK). CD41 

positive cells were selected and the percentage of this population also positive for SYTO13 

in the FL1 channel was recorded as the immature platelet fraction. Gates were set based on 

a SYTO13 negative control.  
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 Integrin activation and platelet degranulation by flow cytometry  

Whole blood was collected as in 2.4.1 and labelled with APC conjugated CD41. CD41 

stained platelets were activated using agonists from Table 2.2 diluted in PBS. FITC 

conjugated P-selectin and PE conjugated JON/A (directly binding to only the activated from 

of integrin αIIbβ3) were used to measure degranulated and activated platelets by flow 

cytometry. 10,000 platelet events (CD41 single positive) were collected and percentage of 

double positive JON/A and P-Selectin events analysed.  

 Platelet preparation 

 Preparation of washed mouse platelets 

Mice were bled under terminal anaesthesia from the IVC by isoflurane/O2 (5%) and collected 

into a 1ml syringe containing 100µl ACD. Following collection, Tyrode’s-HEPES buffer was 

warmed in 37°C and 200µl of this was added to each Eppendorf containing the blood and 

ACD mixture before spinning in a MicroCentaur for 5 minutes at 45 G. The supernatant 

containing plasma and around one third of the red blood cells (~700µl) was pipetted into a 

new labelled Eppendorf using cut tips (to avoid shear stress and unintended platelet 

activation). These were centrifuged using the Thermo-ScientificTM HeraeusTM swinging bucket 

MegafugeTM 16R (Loughborough UK) for 6 minutes at 200 G. Platelet rich plasma (PRP) and 

buffy coat were then placed into another new labelled Eppendorf and 200µl of Tyrode’s-

HEPES buffer was added to the original tube containing red blood cells. This was spun for a 

second time to maximise number of platelets from whole blood and pooled with the original 

plasma. Tyrode’s-HEPES buffer was added to achieve total volume of 1ml PRP and 1µl PGI2 

(prostacyclin) at 10µg/ml (to prevent platelet activation) was added and gently inverted to 

mix. Eppendorfs were centrifuged at high speed for 6 minutes at 1000 G to form a platelet 

pellet. Supernatant was aspirated and the platelet resuspended in Tyrode’s-HEPES buffer 

before diluting to the desired concentration.  
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 Counting mouse washed platelets 

5µl of washed platelet pellet suspension was added to 10ml COULTER®ISOTON®II diluent 

and gently mixed. Platelets were counted three times using the ZTM2 Series COULTER 

COUNTER® (Beckman Coulter®) and an average calculated. Platelets were diluted to 

2x108/ml for light transmission aggregometry (LTA), 2x107/ml for platelet spreading and 

4x108/ml for biochemical assays with Tyrodes-HEPES buffer. All suspensions were left to 

rest for 30 minutes prior to further experimentation.  

 Platelet Functional Assays 

 Platelet Aggregation Assay 

LTA was performed using the Chrono-Log Lumi-Dual aggregometer and measured against a 

control sample of Tyrodes-HEPES solution containing no platelets. Aggregations were 

performed on the same day as exsanguination using 300µl washed platelets per test at a 

concentration of 2x108/ml. Samples were pre-warmed to 37°C for 60 seconds in glass 

cuvettes and then under stirring conditions (1200 rotations per minute) for a further 60 

seconds before addition of an agonist. Aggregation was monitored for a further 6 minutes 

after agonist addition. Agonists and their concentrations are highlighted in Table 2.2. 

Aggregation curves were scanned and control traces overlaid with test samples. Percentage 

aggregation was also quantified. In SLFN14-PF4Cre mice, area under the curve (AUC) was 

calculated using the AGGROLINK8 software. Representative traces were generated from 

individual data points collated into an Ascii file using Microsoft Excel and exporting these into 

GraphPad Prism.  

 Platelet Secretion Assay 

Dense granule release was measured by detecting ATP at the same time as aggregation. 

Chrono-lume (diluted 1:300) was used to measure platelet ATP release in each channel in 
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response to platelet agonist addition. AUC was calculated using the AGGROLINK8 software. 

2 nmol ATP standard was used to calibrate Chrono-lume at the start of each experiment.   

 Platelet Spreading 

13mm round glass coverslips were washed with 100% ethanol, rinsed with PBS and placed 

in a 24 well cell culture plate. 300μl of 100μg/ml fibrinogen in PBS and 10μg/ml collagen in 

collagen diluent was added to the top of the coverslip and left to incubate overnight at 4°C. 

Coverslips were then blocked with 300μl 5mg/ml denatured fatty acid free BSA in PBS for 1 

hour at room temperature. 2x107/ml resting washed platelets were allowed to spread on 

coated coverslips for 45 minutes at 37°C. Some washed platelets were pre-activated with an 

addition of final concentration 0.1U/ml thrombin and allowed to spread on fibrinogen under 

the same incubation conditions. Platelets were aspirated and coverslips washed once with 

PBS to remove non-adhered cells. 10% formalin was added to each well to fix cells for 10 

minutes and then washed 3 times with PBS. Platelets on the coverslips were incubated with 

50mM NH4Cl for 10 minutes to quench residual formalin and washed 3 times with PBS. Cells 

were permeabilised with 0.1% TritonX-100 in PBS for 5 minutes, washed with PBS and 

incubated in immunofluorescence blocking buffer (1% BSA and 2% goat serum in PBS). 

Filamentous actin (F-actin) was stained with Alexa488-conjugated phalloidin diluted in 

blocking buffer for 1 hour at room temperature in the dark. All coverslips were mounted onto 

microscope slides using Hydromount, covered and stored at 4°C. Images were captured on a 

Zeiss Epifluorescence microscope with 63X objective and blinded for analysis of the 

following parameters: adhered platelets, platelet surface area and platelet perimeter using 

KNIME high-throughput platelet spreading analysis software (Khan et al., 2020).  

 Ex vivo flow adhesion assay 

Coverslips were coated with micro spots of Horm collagen, human collagen type III and 

fibrinogen. Blood was collected as above into 5U/ml heparin (diluted in saline) in the 

presence of 40µM PPACK to inhibit thrombin generation. Whole blood was flowed over the 
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micro spots for 3.5 minutes at either 1700/s or 1000/s. Brightfield images were captured and 

immediately after perfusion, thrombi were stained with FITC conjugated P-selectin, PE 

conjugated JON/A and Aexa-647 conjugated annexin V for PS exposure. Images were 

blinded and analysed for differences in thrombi surface area coverage, P-selectin 

expression, JON/A activation, PS exposure and thrombus morphological scoring in FIJI. 

These experiments were conducted by Natalie Jooss in collaboration with Johan Heemskerk 

of Maastricht University, Netherlands. 

 Clot retraction  

Blood was collected from wild type and heterozygous mice as previously described. Whole 

blood was spun at 200g for 8 minutes in the presence of 10µg/ml PGI2 (final concentration). 

The PRP layer was removed into a new Eppendorf and adjusted to a final concentration of 

2x108/ml with PPP obtained from the same whole blood (spun at 1000g for 10 minutes). It is 

often necessary to sacrifice extra wild type mice for PPP to dilute platelets. Tyrodes-HEPES 

buffer was supplemented with 2mM CaCl2 and 175µl added to a cuvette along with 50µl PRP 

at 2x108/ml, 5µl erythrocytes for colour (obtained from high speed PPP isolation step) and 

20µl thrombin at a final concentration of 1U/ml to stimulate clot formation. An unbent 

paperclip was added to each cuvette with the loop at the base of the cuvette for the clot to 

adhere. Clots were allowed to form over the course of 2 hours, visual observations were 

recorded and a photo taken every 30 minutes. At the end of the time course the clot and 

paperclip were weighed and solution volume remaining in the cuvette was measured to 

calculate clot volume as a percentage of the original starting volume.  

 In vivo Platelet Function Assays 

 Tail bleeding Haemostasis Assay 

Mice were weighed to ensure they were within the correct weight boundary (20-29g) then 

anaesthetised under isofluorane/O2 (5%) on a 37°C heat mat to maintain consistent body 
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temperature. Isoflurane/O2 was reduced to approximately 3% after transferring the mouse to 

the heat mat to avoid gasping and regulate breathing rate (this was assessed on an 

individual basis). 2-3mm of tail tip (to ensure cut was made through both lateral tail veins and 

accounting for tail thickness differences between mice) was excised using a sterilised razor 

blade and submerged into 50ml 37°C prewarmed saline. Time until first cessation of bleeding 

or up to 20 minutes was recorded in seconds. Erythrocytes were lysed in 1ml dH20 and 

stored at -20°C for haemoglobin absorbance assay.   

 Haemoglobin Assay 

Two mice of each genotype were bled and known volumes of red blood cells were lysed to 

generate standard curves for absorbance. Absorbance from 50µl lysed erythrocytes per test 

sample was measured at wavelengths 550nm and 575nm in a flat bottom 96 well plate in a 

microplate reader. Samples were assessed in duplicate. 

 In vivo Thrombosis – Laser Injury 

Mice were anaesthetised and cremaster muscle arterioles were exposed. Mice were injected 

with Dylight488-conjugated anti-GPIbβ antibody (0.1µg/g body weight x488). Thrombus 

formation in the arterioles was induced by laser injury and accumulation of platelets (green) 

at the site was observed. Brightfield and fluorescence images were acquired to show 

thrombus size and platelet contribution.  

 In vivo Thrombosis – Ferric Chloride (FeCl3) 

Mice were anaesthetised and injected with the same antibody as above. The carotid artery of 

each mouse was exposed and subjected to 10% ferric chloride for 3 minutes to induce 

thrombus formation. FeCl3 acts by damaging the vascular wall and subsequently 

endothelium which in turn generates reactive oxygen species, activating platelets and 

erythrocytes to accumulate at the site of injury. Time to vessel occlusion was assessed 

through fluorescence and brightfield imaging.  
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 Ex vivo bone marrow and organ analysis 

 Immunohistochemistry  

Femurs, tibias and spleens were collected from terminally anaesthetised mice as described 

in 2.3.1. Spleen connective tissue removed and length and weight was measured. All flesh 

was removed from femurs and tibias and ends cut to expose bone marrow. All tissues were 

fixed in 3.7% paraformaldehyde. Following decalcification of the bones, tissues were 

embedded in paraffin and sectioned at 5µm thickness. Samples were mounted on glass 

microscope slides and subsequently stained with haematoxylin and eosin and reticulin stain 

Spleen sections were additionally stained with Perl’s Prussian blue stain for free iron content 

(Advanced Histopathology Laboratory, London, UK). All slides were imaged using a Zeiss 

Axio ScanZ1 light microscope.  

 Haematopoietic stem cell progenitor detection by flow cytometry – Bone Marrow 

Mouse femurs and tibias were cleaned of flesh and bone marrow drawn out by centrifugation 

for 10 seconds at high speed into FACS buffer (1% FBS and 2mM EDTA in PBS). Cell 

suspensions were gently pipette mixed and spun at 500 G for 4 minutes. Supernatant was 

removed, pellet suspended in fresh ice cold FACS buffer and filtered through a 70µm cell 

strainer to remove cell debris. The cell suspension was then divided into separate 

Eppendorf’s for each test (200µl per test) and antibodies added at their respective 

concentrations (Table 2.1). Cells were left to incubate at 4°C in the dark for 20 minutes. 

100µl 1% PFA was added, incubated for 10 minutes and spun 3 times at 200 G removing 

supernatant and resuspending in ice cold FACS buffer between each centrifugation step. 

After this wash step, 200µl of the cell suspension was added to a 96 well flat bottom plate 

and 50,000 events were collected at a fast aperture rate. Live, single cells were gated and 

progenitor levels detected by relevant staining patterns.  
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 Haematopoietic stem cell progenitor detection by flow cytometry - Spleens  

Mouse spleens were cleaned of connective tissue and homogenised using the end of a 5ml 

syringe in FACS buffer (1% FBS and 2mM EDTA in PBS). Cell suspensions were gently 

pipette mixed and spun at 500 G for 4 minutes. Supernatant was removed, pellet suspended 

in fresh ice cold FACS buffer and filtered through a 70µm cell strainer to remove cell debris. 

The cell suspension was then divided into separate Eppendorf’s for each test (200µl per test) 

and antibodies added at their respective concentrations (Table 2.1). Cells were left to 

incubate at 4°C in the dark for 20 minutes. 100µl 1% PFA was added, incubated for 10 

minutes and spun 3 times at 200 G removing supernatant and suspending in ice cold FACS 

buffer between each centrifugation step. After this wash step, 200µl of the cell suspension 

was added to a 96 well flat bottom plate and 50,000 events were collected at a fast aperture 

rate determined by the BD Accuri system. Live, single cells were gated and progenitor levels 

detected by relevant staining patterns.  

 Fluorescent Activated Cell Sorting (FACS) of Haematopoietic Progenitor Cells 

Bone marrow was prepared as in section 2.9.2. 500µl of bone marrow suspension was 

stained with FITC conjugated CD42b, PE conjugated CD71, APC conjugated CD41, APC-

Cy7 conjugated Ter119 and incubated for 20 minutes at 4°C in the dark. 200µl of bone 

marrow was used for single stained and unstained controls and in addition, a PE 

fluorescence minus one (FMO) sample was prepared using the CD45 antibodies in Table 2.1 

for colour compensation. After incubation, 100µl 1% PFA was added, incubated for 10 

minutes and spun once at 1000 G for 5 minutes. The stained bone marrow pellet was then 

resuspended in 1.5ml FACS buffer without EDTA along with 5µl 7-AAD cell viability stain 10 

minutes prior to sorting. Cells were sorted using BD-FACS Aria cell sorter by the flow 

cytometry facility at the University of Birmingham.  



62 
 

 Quantitative Real Time PCR (qRT-PCR) 

 RNA extraction of Haematopoietic Progenitor Cells 

RNA was extracted from sorted MK, ProE and MEP cells using the Qiagen RNeasy micro kit 

as per manufacturer instructions. RNA was stored at -20°C until required.  

 qRT-PCR of bone marrow RNA 

SLFN14 and GATA1 expression were assessed in whole bone marrow RNA from SLFN14-

K208N mice. This was to briefly investigate the effect of SLFN14-K208N mutation on 

haematopoiesis with particular interest in GATA1 which plays an important role in 

proliferation and differentiation of cells in both megakaryocyte and erythroid lineages. 

Isolated bone marrow RNA was reverse transcribed for cDNA using the High-Capacity cDNA 

Reverse Transcription Kit (Life Technologies) and amplified with respective primers (Table 

2.7) using SYBR-green based technology (Power SYBR-green Master Mix, Life 

Technologies). Quantification of gene expression was performed using the ABI Prism 

7500HT sequence detection system (Applied Biosciences, Foster City, CA, USA). Relative 

gene expression was calculated according to the comparative GAPDH endogenous control 

and data presented as a percentage of wild-type gene expression.  
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Table 2.7: qRT-PCR primer sequences 

Target Forward Reverse 

SLFN14 5’-CCTGATGACACCAGCTTTGTC-3’ 5’-CCCTTGTTCTCACGGCATTG-3’ 

GATA1 5'-CCGCAAGGCATCTGGCAAA-3' 5'- CGGGAGGTAGAGGCAGGA-3' 

GAPDH 5’−GAAGGTGAAGGTCGGAGT−3’ 5’GAAGATGGTGATGGGATTTC−3’ 
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 Statistical analysis 

All statistical analyses were conducted using GraphPad Prism software v8.4 and presented 

as mean ± standard error of the mean (SEM) unless otherwise stated. Student t-tests and 

one-way ANOVA were used to determine differences between means with correction for 

unequal sample sizes where applicable. All significance values are reported as * p<0.05, ** 

p< 0.01, *** p<0.001, **** p<0.0001.  
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 Chapter 3 – Generation of CRISPR mouse models 

 Aim 

The aims of this chapter were to successfully develop viable mouse models to investigate the 

involvement of SLFN14 in platelets and megakaryopoiesis, and more specifically how this 

causes abnormal bleeding in patients. In order to address the overall research question 

CRISPR-Cas9 genome editing was performed, generating mouse models with homologous 

mutations in SLFN14 which have been found in human patients. It was hypothesised that the 

K219N missense mutation, homologous to a K208N mutation in mice would phenocopy the 

platelet defects observed in patients.  

 Introduction 

Laboratory rats have been used to study physiology, toxicology, nutrition, behaviour and 

immunology for over 150 years (Kawamata and Ochiya, 2010). Over 95% of animal models 

used are mice due to their protein homology and gross cellular similarity to humans 

(Vandamme, 2014).  

Genetically modified animals are organisms where specific genes have been altered, added 

or knocked out, whereas transgenic animals are those who carry one or more foreign genes 

specifically introduced into the genome. These manipulations allow scientists to mimic 

human disease and study the mechanism for its development in further detail. Traditional 

gene targeting methods used isolated embryonic stem cells (ESCs) from mouse blastocysts 

which were re-injected into pseudo-pregnant females generating chimeric mice. When the 

ESCs are reintroduced into a blastocyst they contribute to the formation of all tissues 

creating a global chimeric mouse (Capecchi, 1989). These methods yield high success rates 

however are typically very time consuming to generate an established model (Gupta and 

Musunuru, 2014). 

Expanding knowledge of the bacterial adaptive immune system has resulted in generation of 

gene targeting technology to interrogate mammalian gene function. The most rapidly 
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developing is RNA-guided endonucleases known as Cas9 from the bacterial immune system 

and termed ‘clustered regularly interspaced short palindromic repeats’ (CRISPR). The 

CRISPR array is targeted by Cas9 after it identifies a sequence denoted by the protospacer-

adjacent motif (PAM). The PAM sequence highlights the desired region for Cas9 mediated 

double strand breaks (DSBs) (Gupta and Musunuru, 2014) (Figure 3.1). CRISPR derived 

RNA (crRNA) guides the Cas9 complex to the guide RNA which is formed of an 18-25 base 

pair sequence of interest. Cas9 cleaves chromosomal DNA upstream from the -NGG PAM 

sequence producing site specific DSBs. These breaks are then repaired by non-homologous 

end joining (NHEJ) leading to ‘indel’ mutations or homologous recombination (HR) using 

specific donor oligonucleotides for precise gene editing (Jin and Li, 2016, Technologies, 

2012) (Figure 3.1).  

Unlike other methods of genome editing (zinc finger nucleases (ZFNs) and transcription 

activator-like effector nucleases (TALENs)), CRISPR-Cas9 can edit small fragments of DNA 

and donor oligonucleotides can be used to initiate single nucleotide changes. Multiple guide 

RNAs can be used simultaneously in CRISPR, targeting multiple genes at once in large 

scale applications and due to the frequently repeating PAM sequence, the guide RNA can be 

re-targeted to cleave another sequence at a different site. In other instances the PAM 

sequence can be mutated in the donor oligonucleotide to avoid Cas9 re-cutting the DNA 

resulting in unwanted additional mutations. Despite the pioneering discoveries of these gene 

editing techniques, CRISPR-Cas9 efficiency needs to be assessed for potential off target 

effects. In mouse genetics, breeding strategies need to be developed in order to minimise 

the generational effect of this and breed out any off target mutations which are not of 

particular interest (Gaj et al., 2013).  
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Figure 3.1: Clustered Regulatory Interspaced Short Palindromic Repeats (CRISPR) 
mechanism. Exploitation of bacterial immune system’s ability to cut and insert genes to 
induce single nucleotide changes in the target genome. Protospacer adjacent motif (PAM) 
sequence highlights the desired region for Cas9 enzyme mediated double stranded breaks of 
genomic DNA. Guide RNA contains template sequence for homologous repair (HR) and 
gene editing mediated by oligonucleotide sequence. Figure adapted from Technologies, 
2012.  
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To study megakaryopoiesis and thrombopoiesis in humans, bone marrow biopsies are 

required which involves a painful, invasive procedure, posing additional risks to those with 

bleeding tendencies. Manipulation of mouse models and in vivo investigation is the only 

viable option to uncover such critical mechanisms in platelet production. Currently, no in vitro 

methods exist to model platelets and while primary megakaryocyte cell cultures can produce 

platelets for small scale studies, they do not produce platelets in the same quantity or with 

the level of reactivity of those in vivo (Thon and Italiano, 2010, Strassel et al., 2018). The 

absence of nuclei in platelets means they cannot be cultured or genetically altered to 

recapitulate such mutations in SLFN14.   

This chapter highlights the process used in order to induce the SLFN14-K208N mutation 

using CRISPR-Cas9 genome editing with donor K208N oligonucleotides. In addition to this, 

there were several off-target mutations generated from the CRISPR repair, producing 

different insertion/deletion (indel) mutations. These indel mutations are not present in 

SLFN14 patients but through initial platelet phenotyping assays such as whole blood 

counting and aggregation, it will allow investigation into the role of SLFN14 in platelet 

production and function. Different length truncations of SLFN14 protein may give insight into 

potential functional redundancy in the AAA domain of SLFN14 with particular emphasis on 

platelet function.  
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 Results 

 Generation of a CRISPR SLFN14-K208N mouse model  

Thus far, five families worldwide have been reported with mutations within the AAA domain 

of SLFN14. In order to investigate these specific mutations and how they are causative of 

thrombocytopenia and bleeding, the K208N mouse model was generated using CRISPR. 

CRISPR is a method used to exploit the bacterial immune system’s ability to delete and 

insert short fragments of foreign DNA. This was discovered by Hovarth and colleagues in 

2007 who described after viral challenges, bacteria can insert new ‘spacers’ in their genome 

derived from phage genomic DNA. This subsequently provides memory and future 

resistance against phages which aim to destroy the bacteria (Barrangou et al., 2007). Using 

donor oligonucleotides homologous to the patient K219N mutation previously reported 

(Fletcher et al., 2015) the CRISPR mechanism was used to constitutively induce the 

homologous single amino acid change, generating the K208N mutation in mice. Donor 

sequences containing the K208N mutation (c.624 G>T base change) were co-injected with a 

single guide RNA (sgRNA). Genomic DNA was cut by the Cas9 enzyme (often described as 

molecular scissors) at a specific –NGG site denoted by the sgRNA and protospacer adjacent 

motif (PAM) site, 3 nucleotides downstream from the 5’ end of the donor sequence (Figure 

3.2A). Here, the donor strand is inserted into the genome and is used as a complementary 

strand for homology directed repair (HDR). Free nucleotides form bonds with their 

complementary base on the partner strand to form repaired, double stranded DNA containing 

the mutation. ES cells containing the mutations were inserted into pseudo-pregnant female 

mice and subsequently bred with wild-type mice to produce heterozygote K208N offspring 

(Figure 3.2B). To ensure optimum targeting specificity, the sgRNA sequence was 

manufactured at optimum length and the PAM site was mutated to prevent the Cas9 enzyme 

re-cutting at non-specific sites minimising off-target annealing (Figure 3.2A). 
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Figure 3.2: Generation of a SLFN14-K208N mouse model using CRISPR and HDR gene 
editing. (A) Oligonucleotide donor templates of K208N mutation were co-injected with single 
guide RNA (sgRNA) as per the CRISPR-Cas9 mechanism. Homologous repair resulted in 
the G>T single base change and subsequent K208N mutation. (B) ES cells which contained 
the mutation were inserted into pseudo pregnant female mice to produce SLFN14K208N/+ 

offspring.   
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 Separation of ‘indel’ mutations from CRISPR knock-in mechanism 

The first generation of CRISPR offspring often contains indel mutations where the HR is not 

completely specific. This is a common problem faced by many in the field as a consequence 

of the CRISPR repair mechanism (Adli, 2018). As observed in the Sanger Sequencing trace, 

male 1 (L36 M1) possessed the successful CRISPR mutation of G>T, along with the -ACC 

mutated PAM site, shown by the orange and blue arrows respectively (Figure 3.3A and B). 

PAMs are mutated in this instance to avoid Cas9 re-cutting and inserting at additional 

locations. Beyond this point in the sequence, there are a series of frameshift mutations as 

observed by the ‘messy’ appearance of the Sanger sequence trace if the region of view is 

expanded (Figure 3.3Ci). Clonal sequencing of the single PCR product (exon 1 of SLFN14) 

from this individual mouse showed the various mutations which arose as a result of the HR 

CRISPR repair strategy (Figure 3.3Cii, iii and iv). All mutations shown are homozygous since 

they are clones. This mouse was used in breeding with wild-type mice generating viable 

offspring which were heterozygous for the K208N and ‘other’ mutations. As the indel 

mutations occurred in the same region as the desired K208N mutation (AAA domain) it was 

hypothesised they may reveal significant information with regards to SLFN14 in platelet 

production and function.  

The final three separate indel colonies generated were SLFN14: c.634_642del 

CGGATTAAA, p.Arg212Lys214del (9bpdel); SLFN14: c.624_625delGA, p.Lys208Asnfs*6 

(delGA); SLFN14: c.624_627delGATT, p.Lys209Lysfs*23 (4bpdel). The predicted effect of all 

the CRISPR generated indel mutations on the SLFN14 protein are given in Figure 3.4. The 

9bpdel was in-frame and therefore predicted to only delete three amino acids from the total 

protein length but in the critical AAA domain of the SLFN14 protein. Frameshift mutations 

delGA and 4bpdel resulted in truncation of 687 and 669 amino acids respectively with 

potentially most harmful effects on overall protein function. The K208N mutation did not 
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affect total protein length but as has been shown previously is thought to affect protein 

folding and overall structure (Fletcher et al., 2018) (Figure 3.4). 
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Figure 3.3: Verification of SLFN14-K208N mutation by Sanger sequencing and clonal 
sequencing of indel colonies from CRISPR homology directed repair. (A) SLFN14 wild-
type sequence. (B) SLFN14K208N/+ Sanger sequencing trace containing G>T substitution 
(orange arrow) and mutated PAM sequence (blue arrow). (C) Expanded view of Sanger 
sequencing trace from mouse L36 M1 containing G>T substitution, -ACC PAM sequence and 
frameshift mutations. (ii) Arrow denotes position of 9bp deletion. (iii) Arrow denotes position 
of deletion of bases GA. (iv) Arrow denotes position of 4bp deletion. All traces in (C) are 
representative homozygous traces arising from clonal expansion of L36 M1 PCR products 
and subsequent colony breeding.
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Figure 3.4: Predicted protein effect of SLFN14 indel mutations on SLFN14 protein transcription. ‘slfn’ box - unique to SLFN proteins and 
function remains unknown. AAA domain - responsible for DNA and RNA metabolism. SWADL region - believed to be SLFN specific, region 
flanked by SWA and DL amino acids only present in subgroups II and III of the SLFN gene/protein family. Helicase region - C-terminal end of 
the protein are known to mediate DNA and RNA metabolism. 
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 SLFN14 9bpdel mice displayed normal platelet counts and morphology 

Automated whole blood counting was used to assess gross haematological parameters in 

SLFN14 9bpdel mice compared to littermate wild-type controls. Platelet count and size was 

consistent across all groups. As discrepancies in red blood cell parameters were observed in 

the SLFN14-K208N model (Chapter 4), particular attention was paid to erythrocyte count 

and size however, no significant differences were observed (Table 3.1). 

 SLFN14 9bdel mice display normal platelet function 

To investigate platelet function in greater detail, resting glycoprotein expression was 

assessed in whole blood by flow cytometry. Samples were stained with CD41 APC antibody 

and co-stained with relevant FITC conjugated platelet antibodies. Heterozygous and 

homozygous SLFN14 9bpdel mice displayed similar levels of major platelet glycoprotein 

expression (Figure 3.5).  

Although platelet glycoprotein receptors under resting conditions were normal, to assess 

overall platelet function, light transmission aggregometry (LTA) was used in washed 

platelets. Samples at 2x108 platelets/ml were subjected to platelet agonists at different doses 

and aggregation was observed for a total of 6 minutes. Thrombin (acting on receptors PAR3 

and PAR4 in mice), collagen (for receptors GPVI and integrin αIIbβ3) and CRP (specifically 

for GPVI) were used to initiate platelet aggregation. End point percentage aggregation was 

measured (Figure 3.6D). No differences were observed in the platelet function profiles in 

response to any agonists at any dose. Greater variation to thrombin at the intermediate dose 

(0.03U/ml) was observed although this did not affect significance (Figure 3.6Aii).   

Despite the predicted removal of three amino acids from the total length of the SLFN14 

protein, SLFN14 9bpdel did not appear to affect platelet count, size or function in these mice 

and therefore were not studied further. 
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Table 3.1: Gross haematological analysis of SLFN14 9bpdel mice. Significance measured by two-way ANOVA with Tukey’s correction for 
multiple comparisons. Data presented is from n=6-30 mice per genotype, mean ± SD. ns, not significant. 
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Figure 3.5: Platelet glycoprotein expression in whole blood under resting conditions 
is normal. Major platelet glycoproteins are expressed at normal levels in SLFN14 9bpdel 
mice compared to littermate controls. Data is from n=4-13 mice per genotype, mean ± SEM, 
two-way ANOVA with Tukey’s correction for multiple comparisons.  
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Figure 3.6: Platelet function in SLFN14 9bpdel mice is normal. (A, B and C) Platelet 
function assessed by LTA in washed platelets under stirring conditions showed normal 
responses to agonists thrombin, collagen and CRP at varying doses. (D) Summary of final 
percentage aggregation. Data is from n=3-5 mice per genotype mean ± SEM two-way 
ANOVA with correction for multiple comparisons.   
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 SLFN14 delGA mice displayed slight increased platelet count 

Deletion of ‘GA’ of the SLFN14 sequence resulted in a frameshift mutation as shown by 

Sanger sequencing traces in Figure 3.3. Whole blood counting in homozygous and 

heterozygous SLFN14 delGA mice was used to assess differences in blood cell parameters 

with particular focus on platelet count and size. SLFN14delGA/+ and SLFN14delGA/delGA mice 

displayed a mild thrombocythaemia compared to littermate controls (p<0.0001) while MPV 

remained consistent between all groups (Table 3.2). All other blood cell parameters 

remained unchanged. Reasons behind this increase in platelet count at this stage were 

unclear.  

 SLFN14 delGA mice display normal platelet function 

Platelet glycoprotein markers were measured in whole blood (stained with CD41 APC to 

identify platelet population) and in both genotypes no differences in the expression level was 

observed. In heterozygotes there was a slightly increased MFI of CLEC-2 and αIIb however 

this did not reach significance (Figure 3.7). 

To investigate platelet function LTA was used. Thrombin, collagen and CRP were used at 

various doses each to measure platelet function in vitro. Over the 6 minute time course, at 

high doses of all agonists (0.06U/ml thrombin, 3µg/ml collagen and 3µg/ml CRP) both 

SLFN14delGA/+ and SLFN14delGA/delGA platelets reached maximum aggregation alongside 

SLFN14+/+ controls (Figure 3.8Ai, Bi and Ci). Following this, a reduced dose (0.03U/ml 

thrombin, 1µg/ml collagen and 1µg/ml CRP) showed platelets did not aggregate (Figure 

3.8Aii, Bii and Cii). SLFN14 delGA platelets mirrored controls in terms of platelet function 

and no defect, to any agonist or dose tested was observed (Figure 3.8D). 

The increase in platelet count did not appear to affect overall platelet function and it remains 

unclear why this increase in homozygotes was observed. The range between genotypes 

was consistent across the three groups so this deviation was concluded to be sample 

variation and although statistically significant, this was not physiologically relevant in the 
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assays tested. Under all conditions both heterozygote and homozygote platelets mirrored 

their controls and the delGA mutation did not appear to play a role in thrombocytopenia or 

defective platelet function.
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Table 3.2: Gross haematological analysis of SLFN14 delGA mice. Significance measured by two-way ANOVA with Tukey’s correction for 
multiple comparisons. Data presented is from n=9-13 mice per genotype, mean ± SD. ns, not significant, **** p<0.0001. 
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Figure 3.7: Platelet glycoprotein expression in whole blood under resting conditions is 
normal. Major platelet glycoproteins are expressed at normal levels in SLFN14 delGA mice 
compared to littermate controls. Data is from n=6-8 mice per genotype, mean ± SEM, two-
way ANOVA with Tukey’s correction for multiple comparisons. 
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Figure 3.8: Platelet function in SLFN14 delGA mice is normal. (A, B and C) Platelet 
function assessed by LTA in washed platelets under stirring conditions showed normal 
responses to agonists thrombin, collagen and CRP at varying doses. (D) Summary of final 
percentage aggregation. Data is from n=3-6 mice per genotype mean ± SEM two-way 
ANOVA with correction for multiple comparisons. 
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 SLFN14 4bpdel mice displayed no platelet morphological or functional 

abnormalities 

Deletion of 4 base pairs in the SLFN14 mice in this colony resulted in a frameshift mutation, 

shown in Figure 3.3Civ. Whole blood counting was used in SLFN14 4bpdel mice to assess 

differences in platelet count and morphology. Platelet count and MPV was consistent across 

all genotypes as well as all other blood cell parameters measured (Table 3.3).  

Platelet glycoprotein markers were measured in whole blood and in both genotypes no 

differences in the expression level was observed, indicating the 4 base pair deletion did not 

affect platelet production or morphology at their resting state (Figure 3.9). 

Similarly to the other indel colonies, platelet function was assessed by LTA in washed 

platelets. Thrombin, collagen and CRP were used as agonists under different concentrations 

to initiate platelet aggregation. All genotypes were assessed using thrombin at high, 

intermediate and low doses and did not present any functional defect (Figure 3.10A). At a 

high dose of collagen no defect was observed between controls and heterozygous or 

homozygous mice (Figure 3.10Bi). Due to the COVID-19 pandemic and reduced capacity of 

animal housing facilities, breeding in this colony was terminated before homozygote platelet 

function could be fully assessed in response to collagen and CRP at intermediate and low 

doses. This unfortunately resulted in the loss of all mice for future experiments. Before 

breeding ceased, heterozygous platelets showed no difference in response to collagen at 

1µg/ml or CRP at 3µg/ml and 1µg/ml (Figure 3.10Bii and Ci and ii).  

Initial phenotyping showed that the 4bpdel mice did not cause any platelet defect in these 

mice. However, the inability to confirm platelet function in homozygotes leaves this question 

unanswered.  
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Table 3.3: Gross haematological analysis of SLFN14 4bpdel mice. Significance measured by two-way ANOVA with Tukey’s correction for 
multiple comparisons. Data presented is from n=4-13 mice per genotype, mean ± SD. ns, not significant. 
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Figure 3.9: Platelet glycoprotein expression in whole blood under resting conditions is 
normal. Major platelet glycoproteins are expressed at normal levels in SLFN14 4bpdel mice 
compared to littermate controls. Data is from n=3-8 mice per genotype, mean ± SEM, two-
way ANOVA with Tukey’s correction for multiple comparisons. 
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Figure 3.10: Platelet function in SLFN14 4bpdel mice is normal. (A, B, C) Platelet 
function assessed by LTA in washed platelets under stirring conditions showed normal 
responses to agonists thrombin, collagen and CRP at various doses. (D) Individual traces 
were used to calculate percentage final aggregation as shown in quantification graph, mean 
percentage aggregation ± SEM, n=1-9 mice per genotype, (homozygotes were unavailable in 
some cases due to animal housing restrictions during the COVID-19 pandemic). Significance 
assessed by two-way ANOVA with correction for multiple comparisons and students t-test for 
conditions with only two genotypes. 
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 Discussion 

Within this chapter, the SLFN14-K208N mouse model was developed using CRISPR 

mediated genome editing to initiate a single nucleotide substitution mutation which has 

previously been identified in a series of patients with inherited bleeding. As a consequence of 

the HR in the CRISPR repair mechanism, several indel mutations were obtained effectively 

as a by-product and deemed worthy of investigating further. These 4 separate colonies were 

used in order to help uncover the reasons behind abnormal platelet production and function 

observed in patients. 9bpdel, delGA and 4bpdel colonies all produced viable homozygote 

offspring whereas SLFN14-K208N mice only produced heterozygotes (explored further in 

Chapter 4). This led reason to believe that the platelet phenotype of homozygotes may be 

more severe and applicable to the mechanism of K219N patients and potential role in 

haemostasis.  

In the indel colonies, basic phenotyping involving whole blood counting, assessment of 

glycoprotein receptors on resting platelets and platelet aggregation in response to thrombin, 

collagen and CRP did not reveal abnormal platelet phenotypes. In all models, platelet count, 

size and function was consistent between all genotypes. This was surprising given the 

K219N mutation in humans, in the same region, produces a severe macrothrombocytopenia 

and bleeding.  

All these mutations occur in exon 2 which is the first coding exon in the SLFN14 gene, also 

within the AAA domain. Indel mutations resulted in predicted truncations of the SLFN14 

protein whereas the K208N mutation meant protein length was retained at 899 amino acids. 

Unfortunately, SLFN14 protein size was not investigated in these indel models. Priority was 

given to LTA experiments to decipher any platelet function defect and due to the COVID-19 

pandemic further samples for proteomic studies could not be obtained. In this model with no 

differences to platelet production or function it may be suggested that these truncations had 

little to no effect on either sufficient transcription of SLFN14 or its role in platelet biology. At 
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this stage it was important to continue investigating the K208N mutation as it is homologous 

to the patient K219N mutation. As will be explored in further detail in Chapter 5, the K208N 

mutation did have a significant effect in haematopoiesis, suggesting it is not the length or 

truncation of sections of the protein but rather the folding and overall structure which 

ultimately affect platelet production and function in humans. It may also be plausible that the 

truncated section of the SLFN14 protein is functionally redundant or another subgroup III 

protein may take over its role in this scenario.   

In 2018 Yang et al. revealed the crystal structure of SLFN13 in rats (Yang et al., 2018). 

SLFN13 is also a member of SLFN subgroup III. They revealed that it is the substitution of 

conserved charged residues which impact protein folding and nucleolytic activity of SLFN13 

(Yang et al., 2018). This may also be applicable in mouse SLFN14 whereby it is the 

substitution of residues in the AAA domain which results in protein misfolding and 

haematopoietic defects in mice rather than truncation or minor alterations to protein length. 

This has previously been explored by Fletcher at al. with regards to the K218E mutation 

whereby the change of a lysine to glutamine reside at position p.218 resulted in changes in 

tertiary protein structure and post translational degradation (Fletcher et al., 2018). The exact 

mechanism for potential protein misfolding in the mouse K208N model remains to be 

explored.  
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 Chapter 4 – Initial phenotypical characterisation of the SLFN14-K208N mouse 

model 

 Aim 

The aim of this chapter was to investigate the effect of the SLFN14-K208N mutation in mice 

with particular focus on platelet production and function. Here, the K208N CRISPR model 

was characterised, a mutation which is homologous to the K219N observed in SLFN14 

patients. The overall aim of this chapter was to interrogate the platelet phenotype in mice 

compared to that of the K219N mutation in humans. In mice, it was hypothesised that K208N 

would produce the same if not very similar effects on platelet production and function to 

SLFN14 patients.  

 Introduction 

In the GAPP study, initially three extended families were identified with heterozygous 

mutations in SLFN14. Since this, two additional families have been discovered with similar 

mutations also presenting with a bleeding phenotype. In mice, SLFN14 is located on 

chromosome 11 and in humans, chromosome 17. SLFN genes are highly conserved through 

all mammalian species and located in close proximity to other genes involved in T-cell 

differentiation and development (Stapley et al., 2020, Bustos et al., 2009, Schwarz et al., 

1998). This provides further evidence that mutations within SLFN14 may specifically affect 

haematopoiesis and the overall function of haematopoietic derived cells. Currently there are 

no mouse models with these missense mutations accompanied by a macrothrombocytopenia 

or bleeding phenotype similar to that in SLFN14 patients. Here, the generation of a CRISPR 

knock-in mouse will allow investigation of the phenotypical characterisation of SLFN14 and 

more specifically, how the K208N mutation within the AAA domain contributes to 

thrombocytopenia and platelet function defects. The generation of this mouse model was 

detailed more in the previous chapter but briefly, donor oligonucleotides from the K219N 

mutation observed in patients (Family B in Fletcher et al., 2015) were used to initiate a single 
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nucleotide change within SLFN14 in mice on a C57/BL6J background. DNA was repaired 

using homology directed repair and resulted in a single amino acid change from Lysine to 

Asparagine at position 208 with. In humans, the K219N variant is shown to colocalise with 

ribosomes and mediate rRNA endonucleolytic degradation. Compared to SLFN14 wild-types, 

mutant protein is significantly reduced as a result of post translational degradation from 

partial misfolding of the protein (Fletcher et al., 2018). 

This chapter demonstrates that the platelet phenotype in SLFN14-K208N transgenic mice is 

largely indifferent from wild-type controls with the only difference being slightly enlarged 

platelets. This did not seem to affect platelet reactivity to agonists under static or aggregating 

conditions. Erythrocyte count was elevated by approximately 30%. Erythrocytes were 

smaller, in some instances half the size of wild-types, irregularly shaped and had lower 

haemoglobin content giving rise to severe anaemia and most likely the cause of death in 

homozygote offspring prior to weaning. This red blood cell phenotype contributes to 

thrombus instability in laser and ferric chloride induced injury models. The phenotype of this 

mouse is unique and not only highlights the importance of investigating cell-cell interactions 

in in vivo physiological studies and assays in whole blood but also the species-specific 

differences which can arise when studying homologous mutations in transgenic models.  
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 Results 

 SLFN14K208N/K208N mice do not survive to weaning due to severe anaemia 

Initial breeding strategies revealed heterozygote/heterozygote pairs did not produce live 

homozygote offspring. The average litter size for heterozygote breeding pairs was 6, with an 

average 3 heterozygote mice and 3 wild-types. The average pre-wean loss across 15 litters 

was 1.5 mice. According to Mendelian inheritance, 25% offspring should be homozygotes 

however this was not observed. Expected and observed values are significantly different by 

Chi square analysis (Figure 4.1Ai and ii). These values, accompanied by the lack of live 

homozygote mice suggests that all pre wean losses are homozygotes and thus do not 

survive to weaning age. Timed mating experiments were used to investigate the stages of 

embryo development in SLFN14 mutants. In utero, at embryonic day 12.5 (E12.5), both 

heterozygotes and homozygotes appeared paler than wild-type controls. At E14.5, a similar 

phenotype was observed with vasculature appearing less defined, most likely due to severely 

low haemoglobin content and inability to clearly distinguish blood vessels (Figure 4.2). These 

two time points are critical in embryonic development with particular impact on platelet and 

erythroid lineages. No embryo resorption sites were seen at either time point suggesting 

homozygotes do survive to full term but die shortly after birth due to severe anaemia before 

weaning and before genotyping samples could be obtained. No size or developmental 

differences were observed between the genotypes at either stage. Subsequent breeding to 

avoid homozygous loss involved wild-type/heterozygote pairs which produced mice at normal 

Mendelian ratios by Chi square analysis (Figure 4.1Aiii). Heterozygote mice produced from 

these were indistinguishable from wild-type littermates and used in further analysis of the 

SLFN14 phenotype. Therefore, all comparisons made in this chapter are between 

heterozygotes (SLFN14K208N/+) and litter matched wild-type controls (SLFN14+/+). 
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Figure 4.1: SLFN14-K208N homozygote mice do not survive to weaning and 
inheritance differs from Mendelian patterns. (A) Mendelian inheritance of SLFN14 
heterozygote/heterozygote breeding pairs. (i) Predicted ratios of genotypes based on 
Mendel’s law of inheritance. (ii) No SLFN14-K208N homozygotes were observed from 
heterozygote/heterozygote breeding pairs. Data from 13 litters. (iii) Heterozygote/wild-type 
breeding pairs produced live offspring at expected Mendelian inheritance ratios and Chi 
square test of deviation was not significant. Data from 24 litters. 
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Figure 4.2: SLFN14-K208N homozygote mice do not survive to weaning and appear 
much paler than wild-types. Embryos obtained from timed mating experiments at E12.5 
and E14.5. Arrows indicate aortic arch at both time points which is progressively less visible 
with homozygosity.  
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 Haematological analysis of SLFN14-K208N whole blood using automated 

impedance based haematology analyser 

In humans, the SLFN14K219N/+ mutation causes thrombocytopenia. Therefore, before 

investigating platelet function, whole blood counts were used to assess the circulating levels 

of platelets and other major blood cell components. Blood was collected from mice under 

terminal anaesthesia and analysed using an ABX Pentra ES60 automated blood counter. 

After an anticoagulant dilution correction was applied, whole blood counts were analysed. 

Initially, a significant increase in platelet count and size was observed (Figure 4.3Ai and ii). 

However, upon studying other blood parameters in further detail it appeared this was 

inaccurate. This counter is based on an impedance mechanism whereby cells are classified 

by size. Each cell within pre-set size boundaries is classified to a category of either platelets 

or erythrocytes and the number of cells passing through each chamber is calculated to give 

cell count. While erythrocyte count remained unchanged, size was significantly reduced 

(Figure 4.3Bi and ii). Histograms present the cell size of each category and upon observation 

erythrocytes were outside the counter’s predetermined normal range leading to the 

conclusion that a proportion of these small erythrocytes were of similar size to platelets 

(Figure 4.3C). These microcytes were determined by the analyser as platelets and incorrectly 

included in the platelet parameters thus increasing the overall platelet count. Therefore, this 

platelet count was in fact a combination of platelets and micro-erythrocytes and could not be 

considered an accurate representation of the initial phenotyping process.  
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Figure 4.3: Automated haematology analyser results from SLFN14-K208N mice 
showed first evidence of erythrocytosis. (A) Anticoagulated whole blood was collected 
from SLFN14+/+ (n=23) and SLFN14K208N/+ (n=26) mice and platelet parameters analysed on 
ABX Pentra ES60 blood counter. (i) Significantly increased platelet count and (ii) significant 
increase in platelet size was observed in heterozygotes compared to wild-type controls. (B) 
Erythrocyte parameters. (i) No difference in red blood cell count was observed between 
genotypes. (ii) Significantly reduced red blood cell size. (C) Representative histogram from 
SLFN14K208N/+ mouse shows significant reduction in red blood cell size (below normal range 
shown by dotted boundaries). All data presented as mean ± SEM; unpaired t-test with 
Welch’s correction **** P<0.0001. 
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 Flow cytometry cell counting assay for platelets and erythrocytes 

In order to accurately count platelets and red blood cells, a flow cytometry based counting 

assay was developed using specific cell markers. Whole blood was stained with CD41 (αIIb) 

conjugated to APC and Ter119 (also known as glycophorin A or GPA) conjugated to FITC. 

Ungated plots (Figure 4.4Ai) showed a slight overlap in the platelets (green) and red blood 

cells (red) in the SLFN14K208N/+ panel which confirms similarities in size between some cells 

identified by the automated analyser. 30µl of stained blood was used and single positive 

gates were applied to calculate the number of stained cells per microliter (Figure 4.4Aii). 

Forward scatter information was used as an indication of cell size (Figure 4.4Aiii). By this 

specific labelling method, platelet count was unchanged between genotypes, but in similarity 

to the automated analyser, platelet size was significantly increased (Figure 4.4Bi and ii). Red 

blood cell count was significantly increased by approximately 30% (Figure 4.4Ci) 

accompanied by a stark reduction in red blood cell size (Figure 4.4Cii). This provides further 

evidence that the automated analyser was counting a population of red blood cells as 

platelets and thus appearing to increase the overall count. 

Increased platelet size is often associated with immature platelets. Young platelets released 

into the circulation by pro-platelet extensions (pre-platelets) often contain high yields of 

residual megakaryocyte RNA. This RNA degrades as platelets age thus suggesting a high 

RNA content is indicative of young platelets in the circulation. SLFN14K219N patients have a 

high immature platelet fraction (IPF) which is notably related to their macrothrombocytopenia. 

To investigate this in mice, SYTO13 was used in a flow cytometry assay to bind RNA. 

SYTO13 has recently been identified as a more specific and more stable marker of RNA 

content than the previously used Thiazole orange (Hille et al., 2019). CD41 was used to 

identify the platelet population and CD41+/SYTO13+ cells were used in analysis. The IPF in 

SLFN14K208N/+ mice was 15% higher than wild-type controls which provides a suitable 

explanation for increased platelet size in Figure 4.4D. 
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Figure 4.4: Flow cytometry based haematological cell counting analysis of 
SLFN14K208N/+ mice (A) Flow cytometry based counting of platelets and erythrocytes. (i) 
Flow cytometry forward and side scatter plots showing size overlap of erythrocyte and 
platelet populations. Platelets (green) and erythrocytes (red). (ii) Gating method shown for 
double stain using CD41 (R2) and Ter119 (R3). Representative plots of n=18 mice per 
genotype. (iii) Forward scatter histograms used for cell size quantification. (Bi and ii) Platelet 
counts and size from flow cytometry based counting. Mean ± SEM, n=18 mice per genotype. 
(C) Erythrocyte counts and size from flow cytometry based counting. Mean ± SEM, n=18 
mice per genotype. (D) Immature platelet fraction in SLFN14K208N/+ mice. CD41 positive 
platelets were gated and immature platelet population assessed by SYTO13 staining. Mean 
± SEM, n=13-20 mice per genotype. (E) SLFN14K208N/+ mice are anaemic. Haemoglobin 
levels were measured by an automated haematology analyser in SLFN14K208N/+ mice 
compared to wild-type controls. Mean ± SEM, n=23-26 mice per genotype. *p<0.05, 
***p<0.001, ****p<0.0001 
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 SLFN14-K208N mice exhibit poikilocytosis and severe anaemia 

Given the discrepancies in erythrocyte counts and size, erythrocyte morphology was 

assessed in further detail using whole blood smears stained with haematoxylin and eosin 

(H&E). Microcytes identified in both automated and flow cytometry based counting assays 

were substantially smaller, in some cases approximately half the size of wild-type controls. 

Wild-type erythrocytes displayed characteristic ‘plump’ and rounded shapes while 

SLFN14K208N/+ cells were irregularly shaped, with some membrane indentations 

(poikilocytosis) as shown in Figure 4.5. In addition to light microscopy, scanning electron 

microscopy was used, which is a more advanced technique used in cell morphological 

studies. Here, red blood cells were isolated from whole blood using a series of centrifugation 

steps and leukocyte depletion filters. Erythrocytes were fixed using 2.5% glutaraldehyde 

fixation solution. Cells were air dried and imaged at a 1500X magnification. Aside from some 

‘star shaped’ cells which appear in both genotypes, SLFN14K208N/+ erythrocytes are irregularly 

shaped and appear smaller than neighbouring wild-type cells highlighted in Figure 4.6A and 

B (green and red circled cells). Star shaped cells are a common feature in SEM and often 

arise due to the osmotic differences between cells and the fixation solution. Osmolality 

matching is notoriously difficult in the field of SEM and occurs at low levels in all samples but 

progressively increases with time the cells are in fixation solution (Mustafa et al., 2016). In 

the wild-type samples there is some level of spiking but in SLFN14K208N/+ mice this appears 

increased (Figure 4.6). All samples were prepared and imaged at the same time using 

identical solutions, negating the possibility these differences were due to sample preparation 

or the length of time cells were in fixation solution. As will be explored later in the subsequent 

chapter, SLFN14 mutant cells may be more sensitive to haemolysis. As observed in wild-

types, haemolysis does occur but perhaps mutant erythrocytes, with their membrane 

irregularity, renders them more susceptible to these osmolality changes, resulting in the 

appearance of a greater quantity of ‘spiked’ erythrocytes under resting conditions (Figure 

4.6B). In addition, SLFN14K208N/+ erythrocytes appeared paler than controls in whole blood 
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smear images in panel A, supporting a 35% reduction in haemoglobin content and severe 

anaemia (Figure 4.4E). The lower haemoglobin content is likely due to the reduced size and 

lower carrying capacity. Additionally, haemoglobin synthesis may be impacted by the 

endoribonucleolytic activity of SLFN14 which mediates translation at ribosomes. This 

hypothesis will be addressed in the next chapter. 
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Figure 4.5: Poikilocytosis in SLFN14K208N/+ erythrocytes. (A) Whole blood smears from 
wild-type and SLFN14K208N/+ mice. Blood smears were stained with H&E histological stain to 
view blood cell size and morphology. Poikilocytes (irregular shaped cells) are circled in red. 
Representative images of n=6-7 mice per genotype.  
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Figure 4.6: Scanning electron microscopy images of isolated erythrocytes.  Normal 
round and plump erythrocytes are shown in wild-types and SLFN14K208N/+ mice (green 
circles) and irregularity in shape and size of erythrocytes more susceptible to haemolysis in 
SLFN14K208N/+ mice (red circles). Representative images of n=3 mice per genotype. 
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 SLFN14-K208N platelets show normal distribution of granules by transmission 

electron microscopy 

Upon activation, platelets experience a series of activation and degranulation steps in to 

change conformation leading to platelet activation, adhesion and ultimately thrombus 

formation. Transmission electron microscopy (TEM) can identify ultrastructural abnormalities 

in platelet granule content and give indication of potential functional defects such as that 

observed in gray platelet syndrome, whereby alpha granules are completely absent. Resting 

washed platelet suspensions were fixed in 2.5% glutaraldehyde solution. The fixed cells were 

embedded with 100% resin and sectioned at 0.8µm with an ultra-microtome. Sections were 

viewed under a transmission electron microscope. Alpha and dense granules were identified 

in platelet sections (Figure 4.7Ai). The number and size of alpha and dense granules was 

consistent between genotypes (Figure 4.7Aii). In addition, a number of other platelet 

structures were visible and highlighted in Figure 4.7Ai. This work was conducted in 

collaboration with the School of Metallurgy and Materials, University of Birmingham. 

 SLFN14-K208N mice have normal platelet glycoprotein levels 

Following verification of normal levels of platelets in the circulation, platelet function was 

investigated in further detail. Although platelet count was retained, it was unclear at this 

stage if platelet function may be defective as seen in SLFN14 patients. Some mutations in 

platelet specific genes have been found to affect the levels of glycoproteins on the platelet 

surface which subsequently affect downstream platelet signalling and function (Alan and 

Paquita, 2020, Almazni et al., 2020). Given the platelet defects observed in patients it was 

important to check these levels as a first indication of a potential platelet function defect. 

Whole blood was stained with CD41 (conjugated to APC) and a series of FITC conjugated 

antibodies for major glycoprotein receptors on platelets (CLEC-2, GP1Bα, α2, αIIbβ3 and 

GPVI). CD41 staining ensured only the platelet population was selected and no 

contamination occurred from micro-erythrocytes. Median fluorescence intensity (MFI) was 
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used to measure glycoprotein expression levels on the platelet surface. All receptors were 

present at normal levels between genotypes (Figure 4.8A). Therefore, SLFN14-K208N does 

not affect expression of glycoproteins at the platelet surface under resting conditions.   

 In vitro platelet activation in whole blood by flow cytometry showed normal alpha 

granule secretion and activated integrin exposure 

Normal levels of platelet glycoproteins and granule contents were observed under resting 

conditions, however in some cases, glycoprotein exposure and degranulation may be 

impaired depending on agonist stimulation. Upon agonist detection, alpha granules within 

platelets release their contents. One of these substances is platelet activation marker P-

selectin which is exposed on the cell surface. In addition, one of the major platelet 

glycoproteins, αIIbβ3, undergoes conformational changes upon detection of agonists. This is 

then present in an ‘active form’ which in mice, is detected by the antibody JON/A. Whole 

blood was stained with FITC conjugated P-Selectin and PE conjugated JON/A and activated 

by the addition of platelet agonists at various doses. Activation marker expression was 

measured in whole blood by flow cytometry and the percentage of double positive platelets 

for both P-selectin and JON/A was calculated. Overall, a dose response effect was present 

but no differences were observed between genotypes for either P-selectin expression or 

JON/A detection after platelet activation using any of the agonists (Figure 4.8B). 

  



111 
 

 

Figure 4.7: Platelet transmission electron microscopy (TEM) in SLFN14-K208N mice. 
(A) Representative images of TEM sections of wild-type and SLFN14K208N/+ mice respectively. 
(i) Alpha (α) granules (yellow arrow), dense (δ) granules (yellow arrowhead). Other platelet 
ultrastructure features include: Mitochondria (M), Lysosomes (L), Open canalicular system 
(OCS) glycogen (green arrow). (ii) Quantification of platelet granules from TEM images. Data 
presented is mean ± SEM from 60 and 66 platelets from wild-types and SLFN14K208N/+ mice 
respectively. All images were analysed blind and unblinded after quantification was 
complete. Unpaired t-test with Welch’s correction. N=3 mice per genotype. 
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Figure 4.8: In vitro assessment of platelet glycoprotein receptors and activation in 
SLFN14K208N/+ mice (A) Resting platelet surface glycoprotein expression levels. GP1ba+ 
platelets were co-stained for indicated surface receptors in whole blood. Median 
fluorescence intensity (MFI) from n=4-6 mice per genotype. Mean±SEM; significance 
assessed by Welch’s t-test for multiple comparisons. (B) P-selectin and activated αIIbβ3 
(JON/A) expression on SLFN14K208N/+ mouse platelets in response to indicated agonist 
stimulation. Data presented is the percentage of platelet double positive (P-Selectin and 
JON/A) events (mean±SEM) of n=3-6 mice per genotype per condition. Significance 
assessed by two-way ANOVA with Bonferroni correction for multiple comparisons. 



113 
 

 SLFN14-K208N platelets display normal aggregation and secretion in response 

to collagen, collagen-related peptide and thrombin in light transmission 

aggregometry 

As mentioned previously, SLFN14 patients show defective platelet aggregation in response 

to protease activated-1 (PAR-1), ADP and collagen. To investigate platelet function in the 

K208N mouse model, light transmission aggregometry (LTA) was used. LTA is considered 

the gold standard for investigating platelet function, particularly in isolated platelets whereas 

whole blood aggregation assays may often involve interactions between different blood cells. 

LTA captures platelet responses from initial activation mediated shape change, followed by 

sustained granule release. The two main activation pathways of platelet aggregation are 

through G protein-coupled receptors (G-PCR) and ITAM/receptor tyrosine kinases, 

stimulated in this model by thrombin, collagen and collagen-related peptide (CRP) 

respectively. A clear dose response was observed in response to thrombin (Figure 4.9Ai, ii 

and iii). The PAR-1 defect seen in patients (which signals using the G-PCR pathway) is not 

mirrored in these mice using thrombin. Collagen and CRP both signal using the 

ITAM/receptor tyrosine kinase pathway and although dose response reactions were 

observed, these were not different between genotypes (Figure 4.9B and C). Final platelet 

aggregation was measured 6 minutes after agonist addition and no statistical differences 

were observed in response to these three agonists between genotypes (Figure 4.9D). 

Therefore, SLFN14-K208N mice do not show the same platelet aggregation defects 

experienced by SLFN14 patients with the same mutation. Dense granule release was 

indirectly measured by luminescence produced by activated luciferase in the presence of 

ATP. No differences in ATP release were identified between genotypes in response to any of 

the agonists tested (Figure 4.9E). 
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Figure 4.9: SLFN14-K208N mice show normal aggregation responses to major platelet 

agonists. (A) Platelet responses to thrombin at doses (i) 0.01U/ml (ii) 0.03U/ml and (iii) 

0.06U/ml. (B) Platelet responses to collagen at doses (i) 1µg/ml, (ii) 3µg/ml and (iii) 10µg/ml. 

(C) Platelet responses to CRP at doses (i) 1µg/ml, (ii) 3µg/ml and (iii) 10µg/ml. 

Representative traces from n=4-14 mice per genotype per condition. (D) Percentage total 

aggregation was calculated for each condition. No differences were observed between 

genotypes. (E) ATP secretion was measured in nmol in response to each platelet agonist. No 

differences in secretion was observed. Data presented is mean ± SEM, n=4-14 mice per 

genotype per condition. Significance was measured by student’s t-test with correction for 

multiple comparisons   
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 SLFN14-K208N platelets show normal spreading on collagen and fibrinogen 

under resting and thrombin stimulated conditions 

In addition to platelet’s ability to activate and adhere to one another, haemostasis also 

involves adhesion to vessel walls. Upon injury, the vessel wall integrity is compromised, sub 

endothelial cell damage occurs and collagen and fibrinogen are exposed on the extracellular 

matrix (ECM). Here, it is the role of platelets to adhere to the vessel surface through GPVI, 

αIIbβ3 and the GP-V-IX complex, triggering platelet spreading and plug formation. Wild-type 

and SLFN14K208N/+ washed platelets were allowed to spread on collagen and fibrinogen 

coated surfaces for 45 minutes. Platelets were labelled with Alexa-flour 488 conjugated 

phalloidin stain to visualise cytoskeleton dynamics under these different conditions (Figure 

4.10A). Blinded images were used to train a machine learning assisted automated cell 

segmentation programme which was used to detect spread and unspread platelets. This was 

used to calculate area and perimeter of each platelet in each image (Figure 4.10B and C). 

No significant differences in mean platelet area or perimeter were identified on collagen 

spread platelets (Figure 4.10Bi and ii). Similarly, under basal and pre-activated conditions 

(presence of 0.1U/ml thrombin) area and perimeter of platelets spread on fibrinogen 

coverslips was not significantly different (Figure 4.10Ci and ii). Mouse platelets do not fully 

spread on fibrinogen unless pre-activated. As such, across both genotypes, platelet area 

increased, whereas perimeter reduced during spreading due to the absence of platelet 

membrane indentations caused by cytoskeletal rearrangement, filopodia and lamellipodia 

formation which form before fully spreading. In all conditions, SLFN14K208N/+ platelet’s area 

was greater than wild-types. Although this was not significantly different under spreading 

conditions, this increase is likely attributable to the significant difference in platelet size at 

resting state (from blood counting data) due to the higher immature platelet fraction observed 

previously using SYTO13 staining (Figure 4.4D). 
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Figure 4.10: Platelet spreading and adhesion in SLFN14K208N/+ mice. (A) Representative 
differential interference contrast (DIC) and fluorescent phalloidin stained SLFN14K208N/+ 
platelets spread on collagen and fibrinogen under resting and thrombin pre-activated 
conditions (0.1U/ml thrombin). (B and C) Quantification of platelet spreading using a semi 
automated machine learning based anlaysis tool. (i) Platelet area, µm2. (ii) Platelet perimeter, 
µm. Data presented is mean ± SEM, unpaired student’s t test with Welch’s correction, n=3 
mice per genotype/condition. 
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 SLFN14-K208N mice do not present with a bleeding phenotype  

Platelet adhesion to the ECM and spreading are the first stages in maintaining haemostasis. 

In some cases of impaired platelet function, as observed in SLFN14 patients, platelets are 

unable to adhere to the ECM, aggregate and form a clot thus presenting a bleeding 

phenotype. To investigate if this same bleeding phenotype was present in SLFN14 mice, 

bleeding time was assessed by removing 2-3mm of tail tip and immersed in saline. The time 

taken for bleeding to cease was recorded. All mice bled for below 2 minutes and 30 seconds 

and times were not significantly different between SLFN14K208N/+ and wild-types (Figure 

4.11Ai). This, accompanied by aggregation and spreading data shows SLFN14-K208N does 

not affect in vitro platelet function in mice and does not show the same platelet defect as 

observed in SLFN14 patients.  

While the time for bleeding to cease was indifferent between the genotypes, the haemoglobin 

absorbance assay was used to measure blood loss. Using a microplate reader, a standard 

curve for each genotype was generated using known volumes of erythrocytes to measure 

haemoglobin absorbance at 575 and 550nm. This haemoglobin absorbance at both 

wavelengths was indifferent between genotypes indicating SLFN14K208N/+ mice did not lose 

more blood than controls during the assay (Figure 4.11Aii).  

 SLFN14-K208N platelets show normal clot retraction 

An important factor in platelet plug formation and maintenance of vessel wall integrity is the 

ability of platelets to trigger conversion of fibrinogen to fibrin. This process involves outside-in 

signalling by the platelet integrin αIIbβ3 which ultimately results in clot contraction, drawing 

edges of the clot together to become mechanically stable. This process is driven by a 

secondary wave of platelet activation and subsequent processing of prothrombin to thrombin 

leading to conversion of plasma fibrinogen to fibrin which forms a dense network of fibres for 

thrombus stabilisation (Tucker et al., 2012). Here in SLFN14K208N/+ mice platelets were 

stimulated by a high dose of thrombin to trigger retraction. There was no visual difference 
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observed over the time course nor in clot weight heterozygote mice and controls suggestive 

that platelet outside-in signalling is functional and fibrin formation mediated by thrombin 

activity is not hindered by this mutation model (Figure 4.11Bi and ii).  
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Figure 4.11: Haemostasis and clot retraction assay in SLFN14K208N/+ mice. (A) Tail 
bleeding time assay. (i) 2-3mm tail was removed and mice bleeding time until first stop was 
measured. Data presented is mean time in seconds. (ii) Haemoglobin absorbance assay as 
an indication of blood volume lost during haemostsis assay. Each data point represents one 
animal. N=18-20 mice per genotype. (B) Clot retraction of SLFN14K208N/+ mouse platelets in 
PRP. Clots were formed by stimulating 2x108/ml platelets with 0.1U/ml thrombin and 
monitored over a 2 hour timecourse. (i) Representative images and (ii) final clot weight in mg. 
Data presented is mean±SEM, n=8-9 mice per genotype. 
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 SLFN14-K208N mice have tendency to from smaller, more unstable thrombi in 

in vivo laser and ferric chloride induced injury models 

The primary role of platelets is to protect and maintain vessel wall integrity and to prevent 

blood loss. However, heightened platelet reactivity can also be detrimental in and thrombus 

formation which occludes vessels can be life threatening in some conditions. Thrombus 

formation was assessed by laser injury of the cremaster arterioles (Figure 4.12 Ai and ii). In 

wild-type mice, thrombi formed within the first 15 seconds of injury with many platelets 

recruited to the site. Here, embolism of the thrombus occurred at a steady rate over the 

remaining three minutes. In contrast, in SLFN14K208N/+ mice fewer platelets were recruited to 

the site of injury as measured by thrombus area in pixels (Figure 4.12Aiii) and were 

embolised substantially quicker, although the thrombus did form at a similar rate to controls, 

(Figure 4.12Ai and ii). Given the normal in vitro platelet function and in vivo haemostatic 

response, this reduced thrombus formation is likely due to the contributions of abnormal 

erythrocytes which are known to promote thrombus stability at venous shear rates.  

At arterial shear in the carotid artery, the FeCl3 model of thrombus formation did not show 

such significance. In both mice occlusive thrombi did form although in SLFN14K208N/+ mice 

this took progressively longer with some embolization occurring between 10 and 12 minutes 

(Figure 4.12 Bi, ii and iii). Arterial thrombi are known to be platelet rich and erythrocytes do 

not form an integral part to their formation. This suggests, thrombus formation in the arteries 

is not significantly impaired in this model but all K208N thrombi do have a tendency to 

embolise and generally fewer platelets are recruited to the site of injury.  

 SLFN14-K208N platelets display minor functional differences under ex vivo flow 

conditions  

In vitro platelet aggregation and spreading assays allow detailed analysis of individual 

platelet signalling pathways. However, their physiological relevance in terms of platelet 

behaviour with other blood cells may be questioned. As shown previously by in vivo 
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thrombosis data, shear rates can form an integral part of platelet behaviour and response to 

various activation stimuli. Ex vivo analysis by whole blood flow adhesion can capture the 

interactions of platelets with other blood cells under flow conditions similar to that in the 

vascular system. Glass coverslips were coated with Horm collagen, human collagen type III 

and fibrinogen to assess GPVI, α2β1 and αIIbβ3 function. Here, whole blood (thrombin 

inhibited by the addition of PPACK) was flowed over each surface for 3.5 minutes at either 

1000/s or 1700/s (Figure 4.13, Figure 4.14, Figure 4.15). These shear rates correspond to 

venous and arterial pressures in mice respectively (Panteleev et al., 2021). Brightfield 

images were obtained in addition to fluorescent images where platelets were stained for P-

selectin, JON/A and phosphatidylserine (PS) (Figure 4.13A, Figure 4.14A, Figure 4.15A). 

These experiments and analysis was performed by Natalie Jooss and in collaboration with 

Johan Heemskerk of Maastricht University, Netherlands.  

Under both shear rates and all surfaces, no significant differences were observed between 

the mean surface area coverage of platelets between genotypes (Figure 4.13Bi, Figure 

4.14Bi and Figure 4.15Bi). However, as determined by the multi-layered score, SLFN14K208N/+ 

aggregates were significantly larger than wild-types on human collagen type III however the 

explanation for this remains unclear (Figure 4.14Bv). Activation markers P-selectin and 

JON/A were expressed at normal levels under all conditions however platelet PS exposure 

was slightly increased in SLFN14K208N/+ mice across all surfaces. This difference may be 

attributed slight pre-activation caused by experimental delay before sampling or differences 

between experiment days. Mean platelet coverage on the fibrinogen surface was largely 

variable (Figure 4.15Bi). In addition to this, although fairly consistent between genotypes, P-

selectin, JON/A and PS exposure were very low. Fibrinogen is a substantially weaker 

activation surface than horm and human collagen thus meaning aggregates differ in size and 

the strength of expression markers is much reduced in comparison (Figure 4.15B ii and iii). 
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Figure 4.12: Functional role of SLFN14K208N/+ in in vivo thrombosis. (A) Laser induced 
thrombus formation in vivo. (i) Representative composite brightfield and fluorescence images 
of thrombus formation. Mice were injected with anti-GPIbβ DyLight488 (0.1µg/g body weight). 
Arterioles of the cremaster muscle were subsequently injured by laser and thrombi 
fluorescence measured, scale bar 10µm. (ii) Curves represent median integrated thrombus 
formation fluorescence intensity in arbitrary units (a.u.) for 31-32 injuries in 4 mice per 
genotype. (iii) Curves represent median integrated thrombus formation and area in pixels of 
the thrombus. This was not statistically significant. (B) Ferric chloride-induced thrombus 
formation. Mice were injected with DyLight488-conjugated anti-GPIbβ antibody (0.1 µg/g 
body weight) and carotid artery subsequently injured with 10% ferric chloride solution for 3 
minutes. (i) Representative fluorescence images of platelets (GPIbβ). Scale bar 200 µm. (ii) 
Curves represent median integrated thrombus fluorescence in arbitrary units (a.u.), and (iii) 
area under the curve of the integrated fluorescence density in aribitrary units (a.u). Data is 
mean, n=11-12 mice per genotype. 

 

 

 



126 
 

 



127 
 

 

Figure 4.13: Adhesion and activation of platelets under flow conditions on Horm 
collagen. Heparin-PPACK anticoagulated blood was flown over Horm collagen coated 
surfaces for 3.5 minutes at 100/s and 1700/s shear rates. (A) Representative brightfield and 
fluorescent images. (B) Mean platelet area coverage of adhered platelets was quantified 
from brightfield images. Surface area coverage of P-Selectin, JON/A and PS exposure were 
quantified from fluorescence images (JON/A – PE, P-Selectin – FITC, Annexin V – alexa 
fluor 647). N= 4-6 mice per genotype per condition, unpaired t-test with Mann Whitney 
correction. * p<0.05, ** p<0.005. Experiments and analysis performed by Natalie Jooss. 
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Figure 4.14: Adhesion and activation of platelets under flow conditions on Human 
collagen type III. Heparin-PPACK anticoagulated blood was flown over human collagen 
type III coated surfaces for 3.5 minutes at 100/s and 1700/s shear rates. (A) Representative 
brightfield and fluorescent images. (B) Mean platelet area coverage of adhered platelets was 
quantified from brightfield images. Surface area coverage of P-Selectin, JON/A and PS 
exposure were quantified from fluorescence images (JON/A – PE, P-Selectin – FITC, 
Annexin V – alexa fluor 647). N= 4-6 mice per genotype per condition, unpaired t-test with 
Mann Whitney correction. * p<0.05. Experiments and analysis performed by Natalie Jooss. 
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Figure 4.15: Adhesion and activation of platelets under flow conditions on fibrinogen. 
Heparin-PPACK anticoagulated blood was flown over fibrinogen coated surfaces for 3.5 
minutes at 100/s and 1700/s shear rates. (A) Representative brightfield and fluorescent 
images. (B) Mean platelet area coverage of adhered platelets was quantified from brightfield 
images. Surface area coverage of P-Selectin, JON/A and PS exposure were quantified from 
fluorescence images (JON/A – PE, P-Selectin – FITC, Annexin V – alexa fluor 647). N= 4-6 
mice per genotype per condition, unpaired t-test with Mann Whitney correction. * p<0.05. 
Experiments and analysis performed by Natalie Jooss. 
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 Discussion 

Within this chapter, in depth phenotyping assays reveal that platelet function is largely 

retained in these mice. The K208N mutation is inherited in a heterozygote manner, the same 

as in the SLFN14 patients suggesting homozygote SLFN14 mutations are lethal in both 

mouse and humans with the primary explanation for this in mice being a severe anaemia. 

The exact cause for the lack of homozygous SLFN14 patients is not yet known, however it 

may be plausible to speculate the platelet defect or bleeding tendency is so severe in these 

patients, miscarriage may occur in a similar way to that observed in patients with inherited 

platelet disorders and menorrhagia (Lowe et al., 2019, Bick, 2000). In mice, the cause for this 

anaemia is not currently clear, although blood cell formation and haematopoiesis analysis in 

the following chapter may provide some evidence for this. At embryonic days 12.5 and 14.5, 

K208N mouse embryos were paler than wild-type controls, likely due to the severe anaemia 

making blood vessels much less clear. Investigating embryos at earlier time points or using 

in vitro expansion of foetal liver derived HSCs, may give insight into the emergence of red 

blood cell defects earlier in development and potential interactions between SLFN14 and 

other regulatory proteins in erythropoiesis (Baron et al., 2013).The extent of this anaemic 

phenotype has not yet been explored but using blood gas analysis would help to explore the 

reduction in oxygen carrying capacity of deformed erythrocytes. Measuring plasma EPO 

levels, particularly in the kidneys where EPO is generated, may reveal differences in EPO 

production between K208N mice and wild-types or highlight a disrupted EPO feedback loop 

in erythropoiesis.    

The platelet phenotype in these mice is largely retained and does not present similar defects 

as observed in patient studies. In vitro assays involving isolated platelets and in vivo 

haemostasis and thrombosis assays in whole blood do not show either impaired or amplified 

platelet function in response to various stimuli. The mechanism for significant increase in IPF 

is unclear given normal megakaryocyte production in the bone marrow although the 
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extramedullary haematopoiesis in the spleen may provide some explanation for this (detailed 

further in chapter 5). A higher IPF is often associated with hypersensitivity in platelets, 

presenting a higher risk of spontaneous thrombosis and cardiovascular events in patients 

(Grove et al., 2009). In this model, platelets were not more responsive or procoagulant 

suggesting overall function is not altered by circulating immature platelets. In contrast to 

SLFN14 patients, SLFN14K208N/+ mice did not display a bleeding phenotype by the bleeding 

time assay.  Deviation in in vivo thrombosis was observed in the ferric chloride model 

whereby stable thrombus formation is dependent on interactions between platelets, 

erythrocytes and the endothelium. Erythrocytes are the primary determinant of blood 

rheology and promote platelet margination, increasing their concentration near the 

endothelium to enable rapid formation of thrombi in response to vessel damage (Byrnes and 

Wolberg, 2017, Turitto and Baumgartner, 1975, Turitto and Weiss, 1980). Erythrocytes are 

known to have significant contribution to thrombus stability at venous shear rates and indeed 

reduced thrombus formation has been shown previously in models of anaemia suggesting it 

is in fact the abnormal erythrocytes in this instance which cause the thrombosis defect (Klatt 

et al., 2018). In addition, it may also present the hypothesis that the role of platelets is to hold 

erythrocytes at the site of injury, but anaemia and poikilocytosis in this model, means 

platelets are not secure at the endothelium and results in embolization. The same theory 

applies at arterial shear rates, with fewer platelets recruited and held at the site of injury as 

shown by faster embolization than wild-type controls.  

The flow adhesion model was used to uncover mechanisms for these differences in platelet 

function between in vitro and in vivo models. Horm collagen (equine tendon collagen), 

human collagen type III and fibrinogen were all used in flow adhesion assays to trigger the 

GPVI, α2β1 and αIIbβ3 receptors and signalling pathways. These are the most common 

substances exposed on the endothelial matrix upon vessel injury. There was slight increase 

in the PS exposure on platelets in response to all surfaces at both shear rates but this may 
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have arisen from slight pre-activation due to delays in experimentation and variation across 

the two experiment days. This slight pre-activation was not enough to trigger enhanced 

granule release (P-selectin) or significantly raise activated integrin αIIbβ3 on the platelet 

surface. Comparing the results of flow assays with in vivo thrombosis assays highlights that 

platelet function is retained. Platelets remain fully functional in their ability to adhere to and 

spread on endothelial surfaces but it is the embolization process, potentially mediated by 

erythrocytes which is key in this model. 

Given the significant differences in platelet and erythrocyte characteristics of SLFN14 mice 

compared to patients, it is clear the same mutation acts in a species dependent manner 

affecting megakaryocytes and platelets in humans but erythrocytes in mice. The question 

then arises as to how SLFN14, as an endoribonuclease, mediates these changes depending 

on species and where within haematopoiesis do these changes manifest which ultimately 

affect the production and function of terminally differentiated blood cells. 
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 Chapter 5 – SLFN14-K208N as an endoribonuclease in haematopoiesis, platelet 

and erythroid lineage commitment 

 Aim 

The aim of this chapter was to investigate the effect of the SLFN14-K208N mutation with 

particular interest in haematopoiesis and blood cell differentiation. As detailed in the previous 

chapter, SLFN14K208N/+ mice present with significant differences in erythrocyte and platelet 

populations within the circulation, leading to altered platelet and red blood cell function. In 

this chapter bone marrow progenitors specific to MK and erythroid lineages were studied to 

distinguish how the K208N mutation can cause these differences in cell number and function. 

The primary site of blood cell production and maturation is the bone marrow, hence this was 

the primary location for studying haematopoietic progenitors but additionally, due to 

splenomegaly in these mice, it was anticipated this may also be contributing to 

haematopoiesis. In parallel to this, it has previously been reported by Fletcher et al that 

SLFN14 is an endoribonuclease. Here, SLFN14’s endoribonucleolytic properties were 

explored with regards to haematopoiesis and stem cell differentiation.  

The main hypothesis for this chapter was that SLFN14 mediates haematopoiesis, particularly 

in MK and erythroid lineages. It was anticipated that SLFN14 may regulate critical coding 

RNAs or TFs involved in haematopoiesis and as such mutations within SLFN14 can cause 

defective cell production and function directly involved in thrombosis and haemostasis. 

 Introduction 

Haematopoiesis is the process of blood cell production from progenitor cells in the bone 

marrow. All blood cells are produced from HSCs which are pluripotent stem cells, capable of 

differentiation into any cell lineage, but predominantly determined by a series of cytokines 

and TFs specific to the desired lineage. The precise progression of differentiation in recent 

years is very much a topic of discussion in the field. The classical hierarchal structure of 

haematopoiesis clearly illustrated identified stages whereby cells differentiate in a stepwise 



137 
 

fashion. Now, with advances in technologies especially single cell sequencing, and the 

identification of numerous cell signatures, haematopoiesis is seen to be much more of a 

continuous differentiation process, whereby cells can bypass intermediate steps (Zhang et 

al., 2018). Haematopoietic diseases such as inherited thrombocytopenia and anaemia are 

often caused by defects in TFs early in haematopoiesis (Lu et al., 2018). In some cases, 

these underlying defects can cause differentiation bias toward certain lineages (Xavier-

Ferrucio et al., 2019). In addition, errors arising in haematopoiesis may impair the function of 

terminally differentiated cells, such as that in GFI1B mutations and associated Grey Platelet 

Syndrome. Genetic variations in GFI1B results in complete absence of platelet α-granules 

and subsequently platelet dysfunction and severe bleeding (Stevenson et al., 2013a). GFI1B, 

like many TFs, is expressed early in haematopoiesis meaning such variants and platelet 

dysfunction is determined at the early stages of megakaryopoiesis (Möröy et al., 2015). 

Similarly in the erythroid lineage, severe anaemia can arise due to mutations in the EPOr 

rendering cells hyposensitive to EPO stimulated proliferation in erythropoiesis (Watowich et 

al., 1999).  MKs and erythroid cells are closely related, sharing most TFs in lineage 

development (Zhu and Emerson, 2002). Therefore, highlighting where in haematopoiesis 

SLFN14 can affect lineage commitment is critical. 

SLFN14 acts as an endoribonuclease, although there is very minimal literature about the 

function of endoribonucleases. Generally, SLFNs are reported in relation to mediating 

cellular development, replication and degradation processes (Schwarz et al., 1998, Song et 

al., 2018, Puck et al., 2015, Okamoto et al., 2021). This suggests, SLFN14 plays a pivotal 

role in haematopoiesis and may be responsible for mediating lineage bias with regard to MK 

and erythroid lineages. 
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 Results 

 SLFN14-K208N mice display normal megakaryocytes in the bone marrow  

Although platelet counts in SLFN14K208N/+ mice were unchanged, there was a slight increase 

in platelet size which was due to slightly increased IPF. This often arises due to improper 

platelet formation or premature proplatelet release into the circulation and in some instances 

‘young’ platelets are hyper-reactive in the circulation which leads to spontaneous thrombosis. 

To assess thrombopoiesis, bone marrow sections were stained with H&E histology stain and 

MKs were counted. SLFN14K208N/+ MKs were comparable in appearance from wild-types 

showing characteristic polyploid nucleus and large cytoplasmic region (Figure 5.1A). This 

was further quantified by flow cytometry and no differences were observed in MK number in 

the bone marrow suggesting platelet production and thrombopoiesis is normal in this model 

(Figure 5.1Bi and ii). As seen from in vitro platelet function assays, K208N platelets did not 

appear to be more reactive than controls and mice were healthy with no evidence of 

increased thrombosis as a result of increased IPF SLFN14-K208N erythroid progenitors, 

which are largely indifferent from controls. 

 SLFN14-K208N mice display normal proportions of erythroid progenitors in the 

bone marrow  

To identify erythroid progenitors in the bone marrow, CD71 and Ter119 markers were used 

(Figure 5.2A). ProEs are the largest erythroid progenitors in the bone marrow, and here 

detected by CD71 and Ter119 double stained events. There was no difference in the number 

of ProEs in the bone marrow of SLFN14K208N/+ mice (Figure 5.2Bi). Erythroid maturation can 

be measured by progressive loss of CD71 expression. Ter119hi gated cells are erythroid 

progenitors committed to the erythroid lineage which are further segregated by size using 

forward scatter. As observed in Figure 5.2Bii there is a tendency for more Ter119hi cells in 

the bone marrow. When Ter119hi cells are segregated by size, three erythrocyte populations 

are observed: EryA are the largest of these erythroid committed progenitor cells most 
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prevalent in the bone marrow, EryB are of intermediate size, smaller than their EryA 

progenitors and maturing towards fully differentiated EryC cells (Figure 5.2Biii). EryC cells 

are the most mature erythrocytes, hence very few are detected in the bone marrow itself 

(Figure 5.2Biii). A slight increase in the proportion of EryB cells was observed although this 

did not reach significance (Figure 5.2Biii). Perhaps most interesting is the distribution of EryB 

cells within SLFN14K208N/+ bone marrow.  Cells within this gate show a ‘spread’ distribution 

towards the EryC boundary (Figure 5.2A).   

 SLFN14-K208N bone marrow contains higher proportions of MEPs  

MKs and erythroid progenitors arise from a common progenitor, the Megakaryocyte Erythroid 

Progenitor (MEP) (Figure 5.3A). A very small population of MEPs were detected in the bone 

marrow using CD71 and CD41, markers common to both subsequent lineages as shown 

previously by Psaila et al 2016 (Figure 5.3Bi) (Psaila et al., 2016). MEPS are difficult to 

detect in situ but here there was a slight increase in the proportion of MEPs in SLFN14K208N/+ 

bone marrow, however this did not reach significance (Figure 5.3Bii). In addition, there was 

approximately 50% increase in single CD71 positive cells in this panel, suggestive that 

SLFN14K208N/+ MEPs have a more prevalent erythroid signature and potential preference to 

erythroid differentiation (Figure 5.3Bi).  
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Figure 5.1: Proportion of megakaryocytes in the bone marrow of SLFN14-K208N mice 
was consistent with wild-types. (A) Representative images of H&E stained femur sections 
from SLFN14+/+ and SLFN14K208N/+ mice. Scale bar 50µm. (B) Flow cytometry quantification 
of MKs in bone marrow. (i) Whole bone marrow was stained with CD41 and CD42 
antibodies. MKs were double positive events. (ii) Quantification of MKs in whole bone 
marrow. Figures shown as percentage of total cells CD41/CD42 double positive. No 
difference was observed in proportion of MKs in the bone marrow. Data presented is mean ± 
SEM, student’s t-test with correction for unequal sample sizes. N=4-5 mice per genotype.  
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Figure 5.2: Proportion of erythroid committed progenitors in the bone marrow of 
SLFN14-K208N mice was consistent with wild-types. (A) Whole bone marrow flow 
cytometry to quantify proportion of Proerythroblasts (ProE) and erythroid committed cells 
(Ter119hi). ProE, CD71/Ter119 double positive events; Ter119hi, Ter119 bright events. (B) 
Flow cytometry quantification of erythroid cells. (i) Proportion of ProEs was consistent 
between genotypes. (ii) Ter119hi cells were consistent across both genotypes. (iii) Ter119hi 
cells segregated based on size to further separate populations. All cells were in consistent 
proportions between genotypes with few EryC (most mature erythrocytes) detected.  Figures 
shown as percentage of total cells with specified staining pattern. Data presented is mean ± 
SEM, student’s t-test with correction for unequal sample sizes. N=4-5 mice per genotype. 
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Figure 5.3: SLFN14-K208N bone marrow contains higher proportions of MEPs. (A) MKs 
and erythroid progenitors originate from the same progenitor (MEP). (B) Quantification of 
MEPs in the bone marrow. (i) Whole bone marrow was stained with CD41 and CD71 to 
identify MEPs. SLFN14K208N/+ mice showed higher CD71 single positive events. (ii) 
SLFN14K208N/+ mice has slightly increased proportion of MEPs than wild-type controls in the 
bone marrow but this was not significant. Data presented is mean ± SEM with correction 
applied for unequal sample sizes. N=4-5 mice per genotype.  
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 SLFN14K208N/+ mice exhibit splenomegaly and haemolysis 

The spleen is a major organ involved in filtering and clearing blood cells from the circulation. 

Spleen morphology is an important consideration when assessing blood cell production and 

clearance. Spleens from SLFN14K208N/+ mice were found to be significantly larger than wild-

type controls (Figure 5.4Ai and ii). In addition, SLFN14K208N/+ spleens appeared darker than 

wild-types which only had slight pigmentation due to macrophage mediated haemolysis 

(Figure 5.4Ai and B). Perl’s Prussian blue staining was used and identified a significant 

increase in the sites of free iron staining within the spleen (Figure 5.4B). Free iron was 

present in both red and white pulp of the spleen indicative of upregulated haemolysis. The 

exact mechanism for this haemolysis is unclear at this stage.   
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Figure 5.4: SLFN14-K208N mice exhibit splenomegaly and increased heamolysis. (A) 
SLFN14K208N/+ spleens. (i) SLFN14K208N/+ spleens were significantly larger thank wild-type 
controls. (ii) Spleen size was increased by approximately 50%. (B) Spleen sectioning and 
staining using Perl’s Prussian blue showed more sites of free iron, indicative of increased 
heamolysis (free iron is stained in blue and highlighted by yellow arrows). Scale bar is 50µm. 
Data presented is mean ± SEM, student’s t-test for significance with correction for unequal 
sample size. N=8-9 mice per genotype. * p<0.05. 
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 SLFN14-K208N show splenic extramedullary haematopoiesis (EMH) 

The spleen morphology was particularly striking and although differences in pigmentation 

could be addressed by upregulated haemolysis, it was unclear at this stage what was 

contributing to the significant increase in size. Homogenised spleen samples were stained 

with the same progenitor panel antibodies as in the bone marrow. As above, MKs were 

identified by histology sectioning and staining, showing characteristic large nuclei and 

cytoplasmic regions (Figure 5.5A). No differences in size or number were observed when 

quantified by flow cytometry (Figure 5.5Bi and ii).  

The erythroid progenitor panel was applied to homogenised spleen samples (Figure 5.6A) 

and although ProEs were present in the spleen, proportions where significantly lower than 

that observed in the bone marrow. SLFN14K208N/+ spleens contained higher proportions of 

ProEs and it was evident at this stage the spleen was a site of extramedullary erythropoiesis 

in SLFN14K208N/+ mice (Figure 5.6Bi). There was also approximately 20% increase in Ter119hi 

cells which constituted both intermediate progenitors (EryB) and a significantly higher 

proportion of mature erythrocytes (EyrC) (Figure 5.6Bii and iii). Similar to the bone marrow, 

the ‘spread’ distribution in EryB cells was also observed in spleen samples consistent with 

progressive loss of CD71 expression, indicative of erythrocyte maturation and extramedullary 

erythropoiesis from intermediate progenitors in the spleen (Figure 5.6A). 

In similarity to the bone marrow, there was a tendency for an increased proportion of MEPs 

within the spleen but this did not reach significance (Figure 5.7Ai and ii). 
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Figure 5.5: Proportion of megakaryocytes in the spleen of SLFN14-K208N mice was 
consistent with wild-types. (A) Representative images of H&E stained femur sections from 
SLFN14+/+ and SLFN14K208N/+ mice. Scale bar 50µm. (B) Flow cytometry quantification of 
MKs in homogenised spleen. (i) Spleen homogenate was stained with CD41 and CD42 
antibodies. MKs were double positive events. (ii) Quantification of MKs. Figures shown as 
percentage of total cells CD41/CD42 double positive. No difference was observed in 
proportion of MKs in the spleen. Data presented is mean ± SEM, student’s t-test. N=5 mice 
per genotype. 
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Figure 5.6: SLFN14-K208N mice show extramedullary erythropoiesis in the spleen. (A) 
Flow cytometry on homogenised spleens to quantify proportion of ProE and erythroid 
committed cells (Ter119hi). ProE, CD71/Ter119 double positive events; Ter119hi, Ter119 
bright events. (B) Flow cytometry quantification of erythroid cells. (i) Proportion of ProEs was 
significantly increased in SLFN14K208N/+ mice. (ii) Significantly greater proportion of Ter119hi 
cells in the spleen of SLFN14K208N/+ mice than wild-type controls. (iii) Ter119hi cells 
segregated based on size to further separate populations. EryA and EryB cells were in 
consistent proportions between genotypes. Increased proportion of EryC cells detected 
consistent with haemolysis and clearance.  Figures shown as percentage of total cells with 
specified staining pattern. Data presented is mean ± SEM, student’s t-test. N=5 mice per 
genotype. *p<0.05, ** p<0.01.  
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Figure 5.7: SLFN14-K208N spleens contains higher proportions of MEPs. (A) 
Quantification of MEPs in the homogenised spleen samples. (i) Spleens were stained with 
CD41 and CD71 to identify MEPs. (ii) SLFN14K208N/+ mice has slightly increased proportion of 
MEPs than wild-type controls in the spleen but this was not significant. Data presented is 
mean ± SEM, student’s t-test. N=5 mice per genotype.   
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 EMH in SLFN14K208N/+ mice is non-neoplastic and not due to bone marrow fibrosis 

The presence of haematopoietic progenitors and differentiating erythrocytes in the spleen is 

evidence of EMH. Usually EMH occurs in cases of myelofibrosis or bone marrow 

dysfunction, however, given the normal appearance and proportions of these progenitors in 

the bone marrow this was not the case. EMH, in either the spleen or liver occurs in two 

instances, neoplastic or non-neoplastic EMH. Reticulin staining was used as previously 

described by Geer et al. G6b-B knock-in mouse model (Geer et al., 2018). These images 

were used as positive controls for myelofibrosis showing clear bone marrow dysfunction and 

fibrosis similar to that observed in G6b deficient mice and patients (Figure 5.8). Reticulin 

staining of the bone marrow did not reveal fibrosis and it was concluded the EMH in 

SLFN14K208N/+ mice was indeed non-neoplastic (Figure 5.8).  
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Figure 5.8: Reticulin staining in SLFN14-K208N mice. Reticulin staining of the bone 
marrow did not show evidence of myelofibrosis. Green arrowheads denote bone marrow 
megakaryocytes, scale bar 100µm. N=3 mice per genotype.  
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 qRT PCR shows reduced SLFN14 and GATA1 expression in whole bone marrow 

mRNA 

At this stage, it was clear the SLFN14-K208N mutation played an important role in 

haematopoiesis, with particular emphasis on the erythroid lineage. SLFN14 as an 

endoribonuclease functioning by cleaving and degrading RNA, which then results in a 

reduction in quantity or viability of intact RNA. This can be observed from Figure 5.9A 

whereby Fletcher et al. explored the activity of SLFN14 endoribonuclease in rRNA cleavage. 

With this in mind, it was hypothesised there may be differential expression of haematopoietic 

RNAs as a result of the SLFN14-K208N mutation. This may then ultimately affect the 

differentiation process of MKs and erythroid cells, subsequently altering platelet and mature 

erythrocyte function.  

qRT-PCR of whole bone marrow RNA revealed SLFN14 mRNA itself was approximately 

50% of the level seen in wild-types (Figure 5.9Bi). GATA1, is involved in haematopoiesis with 

particular impact in myeloid cell differentiation. GATA1 mRNA was reduced by approximately 

60% in SLFN14K208N/+ mice compared to wild-type controls (Figure 5.9Bii). It was 

hypothesised that the presence of mutant SLFN14 (or more specifically the SLFN14K208N/+ 

mutation) was significantly altering the quantity and perhaps quality of TF mRNA in the bone 

marrow, subsequently disrupting haematopoiesis with particular impact on the erythroid 

lineage.  
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Figure 5.9: SLFN14 endoribonucleolytic activity in haematopoiesis. (A) Schematic taken 
from Pisareva et al. whereby SLFN14 can cleave and degrade ribosomal RNA causing RNA 
degradation (Pisareva et al., 2015). (B) Quantification of (i) SLFN14 and (ii) GATA1 mRNA in 
whole bone marrow as measured by qRT-PCR. SLFN14K208N/+ mRNA presented as a 
percentage of wild-type controls. N=1-3 mice per genotype with each mouse measured in 
triplicate. Mean ± SEM, assessed by one-way ANOVA. *p<0.05, **p<0.01, ***p<0.001.  
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 Discussion 

This chapter has addressed the involvement of SLFN14 in haematopoiesis with particular 

focus on MK and erythroid lineages given the differences in platelet and erythrocyte function 

observed in Chapter 4. Here, histology staining supported flow cytometry data showing 

consistent proportions of MKs in the bone marrow. In addition to this, erythroid progenitors 

and MEPs were also consistent, suggesting medullary haematopoiesis in SLFN14K208N/+ mice 

was normal. However, this appeared to differ in the spleen. Severe splenomegaly was 

observed whereby mutant mouse spleens were approximately twice as large as wild-type 

controls. Their darker appearance was due to increased haemolysis mediated by 

macrophage clearance of erythrocytes in the circulation. At this stage, it is unclear whether 

this is due to accelerated erythrocyte clearance however, cell lifespan assays in the future 

aim to address this (Hoffmann-Fezer et al., 1991).   

The most interesting factors with regards to progenitor populations were those identified in 

the spleen. In some instances, the spleen and liver act as secondary sites for 

haematopoiesis in a compensatory fashion to maintain adequate numbers of blood cells in 

the circulation. This has been shown to be true in both mouse and human cases of 

myeloproliferative disorders (Imai et al., 2017, Shide et al., 2008). This is termed 

extramedullary haematopoiesis (EMH) which can be divided into two categories: non-

neoplastic; the accumulation of haematopoietic precursor cells in the splenic red pulp; and 

neoplastic; whereby the spleen acts as the primary site of haematopoiesis due to 

haematologic malignancy which renders the bone marrow dysfunctional. Often in the most 

severe cases, neoplastic EMH can be an indication of disease transformation (Orazi and 

Czader, 2010). In this chapter, SLFN14K208N/+ spleens contained higher proportions of ProEs, 

erythroid committed cells (Ter119hi) and EryC cells. However, the distribution of EryB cells 

within the gate showed progressive loss of CD71 expression and subsequent maturation. 

This showed EMH in the context of erythropoiesis. Currently the working hypothesis is that 



156 
 

erythrocytes are produced in the spleen, in addition to the bone marrow in order to 

compensate for their smaller size and lower oxygen carrying capacity. Greater numbers of 

circulating erythrocytes suggests that the anaemia in these mice is somewhat controlled, 

which is not the case in utero of homozygotes rendering them lethal beyond E16.5. 

Repeating these experiments in both bone marrow and spleens will allow full interrogation of 

this haematopoietic phenotype which may currently be somewhat limited by small samples of 

mice used.   

SLFN14 has previously been identified as an endoribonuclease. Studies by Fletcher et al 

explored this in rabbit reticulocytes and identified that SLFN14 had the ability to cleave RNA 

and cause RNA degradation. With respect to haematopoiesis, qRT-PCR was used to assess 

mRNA levels of GATA1 expression – a TF known to play important roles in both MK and 

erythroid lineage differentiation. The presence of the K208N mutation resulted in 

approximately 60% reduction in GATA1 mRNA expression. Although there was a reduction 

in TF mRNA, progenitor cell proportions were consistent in the bone marrow suggesting this 

reduction did not affect overall cell proliferation, but their propensity or lineage bias toward 

MK or erythroid directions is unclear at this stage. This theory has previously been explored 

by Xavier-Ferrucio et al. where in cases of iron deficiency anaemia, MEPs show a greater 

lineage bias toward MKs (Xavier-Ferrucio et al., 2019). This is worth exploring in the future 

given the observed anaemia but retained platelet function. RNA sequencing of individual 

progenitor populations will reveal how reduced TF mRNA and the K208N mutation affects 

platelet and erythrocyte cell development and function and in addition, if other TF RNAs are 

affected during haematopoiesis giving rise to an erythrocyte defect in SLFN14-K208N mice 

and platelet defect in SLFN14 patients. 
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 Chapter 6 – Generation and platelet phenotyping of SLFN14 PF4Cre mouse 

 Aim 

The aim of this chapter was to successfully develop a viable conditional knockout of SLFN14 

to investigate its specific role in platelets and megakaryopoiesis. In addition to the global 

K208N mouse model, the conditional knockout was generated to address this research 

question with particular focus on platelets and megakaryocytes. It was hypothesised that this 

SLFN14-PF4Cre mouse would result in thrombocytopenia and a platelet defect similar to that 

observed in human patients.  

 Introduction 

Conditional knockout mouse models have long been a viable option used to study 

pathologies with particular interest in single genes or signalling pathways. Deletion of genes 

ubiquitously expressed may result in harmful phenotypes and off target effects which may 

hinder discovery of mechanisms specific to the cell type of interest.  To overcome this, 

conditional gene inactivation is a viable option whereby the whole or specific regions of 

genes can be deleted in a tissue specific manner. The global functional properties of SLFN14 

remain to be explored and so here, it was important to consider the wider effects of 

constitutive deletion. The loxP-Cre system has been widely used in several genes implicated 

in the platelet and megakaryocyte lineage including Gp1ba and PF4 (Nagy et al., 2019, Tiedt 

et al., 2007).  

Platelet factor 4 (PF4) is a marker specific to the platelet/megakaryocyte lineage where the 

PF4Cre recombinase transgene was initially constructed by Tiedt et al. using homologous 

recombination in bacteria. This was the first generation of a conditional knockout mouse 

used to induce selective deletion of genes in the megakaryocyte lineage (Tiedt et al., 2007). 

The Gp1ba-Cre model was developed by Nagy et al. whereby they explored its highly 

specific deletion of floxed genes only in the megakaryocyte lineage. Platelets are becoming 

increasingly associated in immune related pathologies and many have found that the PF4Cre 
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transgene is also expressed in a variety of leukocyte populations. Subsequently, in some 

instances this presented difficulties in attributing deletion of floxed genes to either 

megakaryocyte or leukocyte lineages (Shi et al., 2014, Abram et al., 2014, Calaminus et al., 

2012, Pertuy et al., 2015). 

Selecting the most appropriate Cre deleter strain is important for interpreting accurate tissue 

specific results and generating animal colonies which are viable with limited off target effects. 

In this chapter, the SLFN14-PF4Cre strain is explored with regards to platelet function. 

Within the haematopoietic lineage SLFN14 mRNA is expressed in myeloid cells (namely 

megakaryocyte and erythrocyte lines) however SLFN14 expression was detected at very low 

levels in T-cells and undetectable in monocytes and monocyte-derived dendritic cells (Puck 

et al., 2015). This suggests that the SLFN14-PF4Cre model should have very little to no 

impact on functionality of leukocytes. In addition, SLFN14 in mice is located on chromosome 

11 (location 11, 50.30cM) in very close proximity to the locus of mouse Gp1ba (location 11, 

3.20cM) whereas PF4 is on mouse chromosome 5 (Bult et al., 2019). With SLFN14 and PF4 

loci well separated, this makes the PF4Cre targeting strategy more appropriate than GP1ba.  

In this chapter SLFN14 homozygous floxed mice in the presence of PF4Cre recombinase 

present with a moderate macrothrombocytopenia. While heterozygous mice follow the same 

trend, this did not reach significance. Further investigation of haemostatic function in these 

mice is required but from initial phenotyping, the reduction in circulating platelet number 

appears to arise from a reduced proportion of megakaryocytes in the bone marrow. At this 

stage it is unclear how this may impact platelet function in vivo.  

Due to mouse breeding constraints during the COVID-19 pandemic and the lack of 

homozygote flox mice suitable for breeding, SLFN14fl/fl PF4Cre mice could not be generated 

in time for further functional work within this chapter. Therefore, SLFN14fl/+ PF4Cre mice are 

used in most experiments as the sample group with work to be completed on SLFN14fl/fl 

PF4Cre mice once breeding increases and access to the animal facility allows.  
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 Results 

 Generation of SLFN14-PF4Cre colony  

In order to broadly investigate the physiological function of SLFN14 in platelets and 

megakaryocytes, a conditional knockout mouse was generated. A mutant form of the 

SLFN14 allele (SLFN14fl) was engineered whereby exons 2 and 3 were selectively removed 

upon expression of the PF4Cre recombinase. The previously reported K219N and K208N 

mutations respectively, are located in exon 2, hence removal of this exon may give insights 

into the functional capacity of this region in megakaryopoiesis and platelet function.  

First, a targeting vector was constructed for generation of the modified or transformed 

SLFN14 allele (SLFN14T). Homologous recombination occurred in embryonic stem (ES) cells 

in which an internal ribosome entry site (IRES) FRT-neo-FRT-LoxP cassette was inserted 

after exon 3 and a LoxP site inserted before exon 2. These sites are as shown in Figure 6.1. 

Chimeric mice were generated from the ES cell clone containing the targeted locus with 

heterozygous offspring from wild-type C57BL/6J mice. The –neo- sequence was removed by 

intercrossing transgenic Flp recombinase positive mice resulting in SLFN14fl whereby ‘fl’ 

denotes ‘fixed LoxP’ sites. These sites highlight the region which is to be targeted in 

conditional deletion (Figure 6.1). Texas A&M Institute for Genomic Medicine produced the 

embryonic stem cell (ESC) lines. Following insertion and validation of the floxed sites, clones 

were inserted into mouse blastocysts and transferred into psuedopregnant female mice. 

Specific inactivation in the megakaryocyte lineage was achieved by breeding these SLFN14 

floxed mice with externally sourced platelet factor 4 Cre recombinase expressing (PF4Cre) 

animals, to produce SLFN14fl PF4Cre  offspring (Tiedt et al., 2007). Subsequent breeding 

steps using positive PF4Cre expressing mice resulted in the germline deletion of exons 2 

and 3 in a conditional manner. Mice were bred in either heterozygous flox/heterozygous flox 

or heterozygous flox/wild-type breeding pairs (SLFN14fl/+ X SLFN14fl/+ or SLFN14fl/+ X 

SLFN14+/+ respectively). In general the PF4Cre positive mouse was the male breeder, to 
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control for any potential postpartum haemorrhage due to the presence of floxed allele in 

female mice. In experiments, mice negative for PF4Cre were grouped and used as controls 

against those positive for PF4Cre which were assessed in separate sample groups. This 

ensured any effect of the PF4Cre recombinase on the wild-type allele was controlled for.  
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Figure 6.1: Generation of a SLFN14 conditional knock-out mouse model. Targeting 
strategy used to generate the SLFN14 flox mouse model. Green banded regions highlight 
regions susceptible to deletion upon Cre expression by loxP sites. Slfn14cre shows 
conditional knockout of exons 2 and 3 after PF4Cre recombinase activity. 
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 PF4Cre mediated deletion of exons 2 and 3 in SLFN14 

PCR genotyping was used to identify the presence of flox alleles. Primers were designed to 

include the loxP site before exon 2 to distinguish between floxed and wild-type alleles. The 

presence of a larger band identified the floxed allele (presence of loxP) and wild-type allele 

34 base pairs shorter (Figure 6.2A). In order to resolve bands 34 base pairs apart, a 1.5% 

agarose gel was run at 60V for an hour to ensure slow separation of fragments. Expression 

of the PF4Cre recombinase was determined in a separate PCR reaction (Figure 6.2B). 

Mendelian inheritance was assessed by a Chi-Square goodness of fit test (Figure 6.2C). 

Observed numbers of mice with each genotype were compared to those expected based on 

ratios as stated by Mendel’s law. Cross types 4 and 5 (with Cre positive on floxed mice and 

wild-type mice respectively) did not show significant deviation from Mendelian inheritance 

(Figure 6.2Ci and ii). Cre expression in flox or wild-type breeders (cross 4 versus cross 5 

respectively) was not favourable to a particular genotype. Assessment is ongoing for 

assessing inheritance of homozygous floxed mice.  

 SLFN14 PF4Cre mice present with mild macrothrombocytopenia 

Having observed macrothrombocytopenia in SLFN14 patients, whole blood counting was 

used to establish if this conditional knock-out mouse phenocopies human patients. Blood 

samples were collected from terminally anaesthetised mice as described in ‘Methods and 

Materials’ and 65µl was run on an automated haematology analyser (HORIBA Pentra ES 

60). Platelet counts in SLFN14fl/fl PF4Cre mice were significantly reduced (p=0.001) and 

SLFN14fl/+ PF4Cre mice also appeared to have reduced platelet count compared to controls, 

however this did not reach significance (Figure 6.3Ai). In addition to this, mean platelet 

volume was significantly increased in SLFN14fl/fl PF4Cre mice (p=0.006) but not 

heterozygotes (Figure 6.3Aii). Erythrocyte count and size was consistent across all 

genotypes Figure 6.3Bi and ii) and leukocyte counts were consistent across all genotypes 
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indicating PF4Cre alone and in the presence of SLFN14 flox, did not affect overall leukocyte 

count in these animals (Figure 6.4). 
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Figure 6.2: SLFN14-PF4Cre genotyping and inheritance. (A) Detection of SLFN14fl alleles 
by PCR and agarose gel electrophoresis. Genotypes 1, 2 and 3 are SLFN14fl/fl, SLFN14fl/+ 
and SLFN14+/+ respectively. DNA ladder is from same gel but additional wells removed. (B) 
Detection of PF4Cre expression by PCR and agarose gel electrophoresis. Genotypes 1 and 
2 are negative and positive for PF4Cre respectively. These two fragments were amplified 
separately but together, form the full mouse genotype. (C) Chi square analyses to assess for 
Mendelian inheritance patterns. (i) Cross type 4: fl wt Cre + X wt wt Cre - crosses resulted in 
offspring following Mendelian inheritance ratios (p=0.057). (ii) Cross type 5: fl wt - X wt wt + 
crosses resulted in offspring following Mendelian inheritance ratios (p=0.453). Data is from 4 
and 5 litters of each cross respectively. Chi-square goodness of fit test in GraphPad prism 
software.  
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Figure 6.3: SLFN14-PF4Cre platelet and erythrocyte counts. (A) Platelet counts and MPV 
in SLFN14-PF4Cre mice. (i) SLFN14fl/fl PF4Cre mice present a mild thrombocytopenia 
(p=0.001) compared to controls (SLFN14+/+). (ii) SLFN14fl/fl PF4Cre platelets are significantly 
enlarged compared to controls (p=0.006). SLFN14fl/+ PF4Cre mice followed similar trend but 
this did not reach significance. (B) Red blood cell counts and MCV in SLFN14-PF4Cre mice. 
(i) Erythrocyte count and (ii) size were consistent across all genotypes. Data presented is 
mean ± SEM, one way ANOVA with correction for multiple comparisons. N=11-30 mice per 
genotype. ***p<0.001, **p<0.01, ns; not significant.  
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Figure 6.4: Leukocyte counts in SLFN14-PF4Cre mice were consistent across all 
genotypes. Data presented is mean ± SEM, one way ANOVA with correction for multiple 

comparisons. N=11-30 mice per genotype.  
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 SLFN14-PF4Cre mice present with normal levels of major glycoprotein receptors 

and activation markers 

Surface expression of major platelet glycoprotein receptors was quantified by flow cytometry 

in whole blood. Despite reduced circulating platelet count, SLFN14fl/+ PF4Cre and SLFN14fl/fl 

PF4Cre displayed normal levels of major glycoprotein receptors under resting conditions 

(Figure 6.5A). Upon stimulation with major platelet agonists, alpha-granules release their 

contents and P-selectin is exposed on the platelet surface. In addition, upon agonist 

stimulation, the αIIbβ3 integrin undergoes a conformational change and can be detected by 

the JON/A antibody. From all platelet events, the percentage of double positive P-selectin 

and JON/A platelets were measured. Across all genotypes this was consistent, with some 

reduced activity in response to weaker agonists ADP and U46619 (Figure 6.5B). 

Unfortunately, at the time of experiment, SLFN14fl/fl PF4Cre mice were unavailable for 

activation studies due to reduced breeding over the COVID-19 pandemic. 

 SLFN14-PF4Cre mice show normal platelet granule content by transmission 

electron microscopy 

Washed platelet pellets were suspended in 2.5% glutaraldehyde fixation solution in 

phosphate buffer, embedded in 100% resin and sectioned at 0.8µm. Sections were viewed 

using a transmission electron microscope and images taken for quantification (Figure 6.6Ai). 

All images were analysed blind. SLFN14fl/+ PF4Cre mice were compared to SLFN14+/+ and no 

differences were observed between the number of alpha or dense granules per platelet 

(Figure 6.6Aii). In addition to granule content, other features in platelets such as lysosomes, 

mitochondria and glycogen deposits did not appear different between genotypes (Figure 

6.6Aii). 35 platelets per mouse were assessed across 3 different mice per genotype. 

Unfortunately, at the time of experiment, SLFN14fl/fl PF4Cre mice were unavailable due to 

reduced breeding over the COVID-19 pandemic.  
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Figure 6.5: In vitro assessment of platelet glycoprotein receptors and activation in 
SLFN14-PF4Cre mice (A) Resting platelet surface glycoprotein expression levels. GP1ba+ 
platelets were co-stained for indicated surface receptors in whole blood. Median 
fluorescence intensity (MFI) from n=3-6 mice per genotype. Mean ± SEM; significance 
assessed by one way ANOVA with correction for multiple comparisons. (B) P-selectin and 
activated αIIbβ3 (JON/A) expression on SLFN14-PF4Cre mouse platelets in response to 
agonist stimulation. Data presented is the percentage of double positive (P-Selectin and 
JON/A) platelet events. Mean ± SEM of n=5-7 mice per genotype per condition. Significance 
assessed by two-way ANOVA with correction for multiple comparisons.  
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Figure 6.6: Platelet transmission electron microscopy (TEM) in SLFN14-PF4Cre mice. 
(Ai) Representative images of TEM sections in SLFN14+/+ and SLFN14fl/+ PF4Cre mice 
respectively. Alpha (α) granules (yellow arrow), dense (δ) granules (yellow arrowhead). Other 
platelet ultrastructure features include: Mitochondria (M), Lysosomes (L), Open canalicular 
system (OCS) glycogen (green arrow). (ii) Quantification of platelet granules from TEM 
images. Data presented is mean ± SEM from 35 platelets per mouse, n=3 mice per 
genotype. Significance assessed by unpaired t-test with Welch’s correction.  
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 SLFN14-PF4Cre mice show normal aggregation in response to major agonists 

LTA was used to assess in vitro platelet function. Agonists collagen, CRP and thrombin were 

used at various doses to investigate platelet response via the two main activation pathways 

(G-PCR and ITAM/receptor tyrosine kinases) (Figure 6.7). Platelets of all genotypes showed 

clear dose responses to all agonists with increasing concentration as shown in 

representative traces in Figure 6.7A, B and C and summary in Figure 6.7D. Total ATP 

secretion was measured alongside the aggregation and similarly, all platelets showed ATP 

secretion indifferent from controls. There was some variation in the total secretion at 10µg/ml 

CRP and 0.06U/ml thrombin in SLFN14fl/+ PF4Cre mice however this did not reach 

significance (Figure 6.7E).  

 SLFN14fl/+ PF4Cre mice have fewer megakaryocytes in the bone marrow 

SLFN14fl/flPF4Cre mice showed a reduced platelet count and SLFN14fl/+ Pf4Cre, although not 

significant, also showed a similar trend. To investigate the cause of this reduced platelet 

count, adult mouse bone marrow was assessed by flow cytometry, staining specifically for 

progenitor populations. In Chapter 5 it was shown that SLFN14 mutations can affect normal 

haematopoiesis and it was suggested SLFN14, with its endoribonucleolytic properties, may 

be acting as to cleave RNAs critical in haematopoiesis. This will subsequently affect the 

differentiation and maturation of progenitor cells which controls the levels of circulating 

mature blood cells. In this chapter, SLFN14fl/+ Pf4Cre mice showed significantly reduced 

proportions of MKs in the bone marrow (Figure 6.8A, p=0.033). Unfortunately homozygote 

mice were not available at the time of these experiments but this reduction in MK population 

may be further reduced in SLFN14fl/flPF4Cre mice contributing to the further reduced platelet 

count observed (Figure 6.3Ai). Erythroid committed cells and MEP populations remained 

consistent in PF4Cre mice (Figure 6.8B and C). This exact mechanism for this reduction in 

proportion of MKs in the bone marrow remains to be explored.  
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Figure 6.7: In vitro assessment of platelet function in SLFN14-PF4Cre mice. (A, B and 
C) Platelet function assessed by LTA in washed platelets under stirring conditions showed 
normal responses to collagen, CRP and thrombin at varying doses. (D) Summary of area 
under the curve (AUC) for aggregation and (E) summary of AUC for ATP release measured 
by Chrono-lume. Data is mean ± SEM, n=3-5 mice per genotype. Two-way ANOVA with 
correction for multiple comparisons.  
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Figure 6.8: Quantification of bone marrow progenitors in SLFN14-PF4Cre mice by flow 
cytometry. (A) SLFN14fl/+PF4Cre mice showed reduced proportion of MKs in whole bone 
marrow (p=0.033) SLFN14+/+PF4Cre (p=0.0510). (B) Ter119hi or erythroid committed 
progenitors and (C) megakaryocyte-erythroid progenitors (MEPs) were unchanged. Data 
presented is mean ± SEM, n=4-12 mice per genotype analysed blind. Significance was 
assessed by one-way ANOVA with correction for multiple comparisons.  
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 Discussion 

This chapter has explored the generation of the conditional knockout mouse model of 

SLFN14 in MKs and platelets using the PF4Cre loxP system. The PF4Cre system has been 

a longstanding gold standard for MK and platelet conditional mouse models since its 

discovery in 2007 (Tiedt et al., 2007). Here, exons 2 and 3 were selectively removed when 

flox mice were also positive for the PF4Cre recombinase. Exon 1 is a non-coding region, with 

exons 2, 3, 4 and 5 all coding exons. All previously identified mutations in SLFN14 known to 

cause thrombocytopenia and bleeding were located in exon 2, therefore it was important to 

delete this region while exons 4 and 5 remain intact. With exon 2 (and the start codon 

removed) it is unlikely that exons 4 and 5 result in translated protein unless ‘ATG’ or an 

alternative methionine start codon is present within exon 4. Therefore any differences in 

platelet function could be attributed to the selective deletion of exons 2 and 3 in MKs and 

platelets. The PF4Cre conditional model has recently been described as being ‘leaky’ and in 

some instances such as those described by Nagy et al, having off target effects in leukocyte 

populations (Nagy et al., 2019). To ensure the PF4Cre model was suitable, SLFN14 

expression was investigated using expression atlas software and previously published data. 

It was clear that SLFN14 is not expressed or at undetectable levels in leukocyte populations 

and in haematopoiesis, is confined to MK and erythroid lineages (Madeira et al., 2019) 

(Figure 6.9). In addition, SLFN14 in mice is located on chromosome 11 in very close 

proximity to the locus of mouse Gp1ba whereas PF4 is on mouse chromosome 5 (Bult et al., 

2019). This would make targeting specific regions of SLFN14 with loxP sites and not to affect 

GP1ba transcription very difficult. Together, this ensured the PF4Cre recombinase model 

was most suitable to investigate SLFN14 function in MKs and platelets.  

Platelet counts in SLFN14fl/flPF4Cre mice were significantly reduced, accompanied by an 

increased MPV. In SLFN14fl/+PF4Cre mice, platelet count and size was reduced and 

increased respectively, although this did not reach significance. All other blood cell counts 
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were consistent between genotypes, providing assurance that floxed SLFN14 (without 

expression of PF4Cre) did not impact blood cell production in other lineages. Platelet 

function measured by activation, degranulation and aggregation was retained in both 

heterozygous and homozygous floxed mice. This is dissimilar to the in vitro platelet function 

defect observed in patients (Fletcher et al., 2015). Despite this, at this stage it is unclear if 

these mice replicate the bleeding phenotype observed in SLFN14 patients. This will be 

investigated in future experiments with in vivo haemostasis and thrombosis assays.  

The reduced circulating platelet count most likely arises from the reduced proportion of MKs 

in the bone marrow. Naturally, fewer MKs in the bone marrow will give rise to fewer pro-

platelets released and subsequently mature platelets but this should be explored further 

using more mice to assess any differences in MK proportion are significant. In addition, 

platelets were enlarged and as previously reported, enlarged platelets are associated with 

increased reactivity. This did not appear to be the case in SLFN14fl/fl PF4Cre mice in vitro 

(Loo and Martin, 1999). Enlarged SLFN14fl/fl PF4Cre platelets presented with similar numbers 

of major glycoprotein receptors and granule content compared to controls, suggesting the 

packaging and processing of platelets in megakaryopoiesis is indifferent from controls which 

ultimately does not affect their function. 

However, it remains to be explored how this reduction in MKs may contribute to reduced 

circulating platelets. Histology staining will reveal potential differences in MK structure, 

nuclear ploidy and distribution within the bone marrow. SLFN14 is an endoribonuclease, 

where it may be plausible that conditional knockout of exons 2 and 3 results in cleavage of 

RNAs or transcription factors critical in megakaryopoiesis. As such, conditional removal of 

these may affect thrombopoietin (TPO) binding to c-Mpl receptors, one of the primary 

mechanisms critical in stimulating expansion and differentiation of MKs (Xu et al., 2018). 

Disruption to the c-Mpl/TPO signalling pathway is just one potential hypothesis for the 

reduced levels of enlarged circulating platelets which at present is unclear. The SLFN14-
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PF4Cre conditional mouse model will be invaluable to study SLFN14 in megakaryopoiesis. 

While the SLFN14-K208N model will reveal endoribonucleolytic function at the global level 

which has been shown to affect MK and erythroid lineages, this PF4Cre mouse will 

specifically target the MK lineage and be more applicable to platelet defects in SLFN14 

patients (Stapley et al., 2021). 
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Figure 6.9: SLFN14 expression in various tissues from Mus musculus. SLFN14 
expression is confined to MK and erythroid haematopoietic lineages. Expression was below 
cut-off range for detection in leukocyte and lymphoid tissues. Screenshot taken from 
ebi.ac.uk Expression Atlas (accessed 06/05/2021). 
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 Chapter 7 – General Discussion 

 SLFN14 mutant mouse models and phenotype summary 

The first aim of this thesis was to develop a genetically modified mouse model with the 

K208N mutation using CRISPR Cas-9 genome editing. This was used to further investigate 

the effect of the patient K219N mutation with particular focus on platelet development and 

function. The work presented in Chapter 3 shows that this CRISPR mouse model was viable 

in heterozygotes and as a result of the CRISPR HDR repair mechanism, generated several 

other mutations within the same region of SLFN14. This is a common problem in the field 

and although CRISPR engineering is highly specific, some errors still occur which should be 

appreciated when assessing its success. Sanger sequencing was used to validate the 

K208N substitution and subsequently these extra SLFN14 mutations were separated, bred 

out and retained for further study, ensuring any differences were only attributable to one 

mutation. These ‘indel’ mutations did not present differences in platelet count, morphology or 

in vitro function compared to wild-types, suggesting it is the specific amino acid change 

K208N, rather than truncation of SLFN14 protein, which causes altered platelet and 

erythrocyte function in SLFN14 mice.  

SLFN14-K208N was a global genetically modified model and from initial blood counting it 

was clear erythrocytes were also affected. At this point it was important to consider not only 

platelet function but the involvement of abnormal erythrocytes particularly in in vivo assays. 

As set out in aim 2 the plan of this thesis was to investigate SLFN14-K208N with respect to 

platelet function only. However, given the observations described in Chapter 4 it became 

clear this presented significant species-specific differences between cell types. Thus, to 

understand SLFN14 with respect to platelet function and reveal potential mechanisms for the 

platelet defect in humans, the SLFN14 PF4Cre mouse model was used in preference. 

Selective deletion of exons 2 and 3 was obtained using the Cre loxP system on a PF4 

background. SLFN14 is expressed at very minimal levels in leukocytes and its proximity to 
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the GP1b locus (an alternative platelet and MK Cre specific strain) meant PF4 was a more 

suitable selective marker. Here, flox mice (both heterozygous and homozygous) expressing 

PF4Cre presented with a mild macrothrombocytopenia but retained platelet function. This 

reduced circulating platelet count is similar to SLFN14 patients, potentially highlighting a 

mechanism for SLFN14 involved in megakaryopoiesis regardless of species. However, the 

reason for the difference in reduced platelet function in patients remains unclear.  

In summary of this thesis, novel genetically modified mouse models of SLFN14 have been 

developed and present significantly different phenotypes. In a global SLFN14-K208N mouse 

model, erythrocytes are of abnormal quantity, shape and appear to impair thrombus stability 

in vivo at lower shear rates, while platelet count, morphology and function is retained. 

However, in SLFN14 PF4Cre mice, preliminary studies show platelet count is reduced due to 

reduced proportions of CD41/CD42 stained MKs in the bone marrow potentially affecting MK 

maturation and subsequent proplatelet release. However, at this stage this does not appear 

to affect in vitro platelet function. In vivo assays with particular focus on tail bleeding 

haemostasis assay will be required to fully define the effect of SLFN14 PF4Cre in bleeding. 

To date, this is the first investigation of SLFN14 involvement in platelet and erythrocyte 

function. The summary of these phenotypes, in comparison to that observed in SLFN14 

patients is summarised in Figure 7.1.  
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Figure 7.1: Schematic adapted from Stapley et al. showing species-specific phenotype 
differences of mutations in SLFN14. Human K219N patients present with 
macrothrombocytopenia and bleeding and SLFN14 PF4Cre mice also have 
macrothrombocytopenia. However, mice with the homologous mutation (SLFN14-K208N) do 
not have a platelet defect but show microcytosis and anaemia. SLFN14 is predicted to 
function at the MEP cleaving RNAs critical to lineage commitment giving rise to species and 
lineage dependent phenotypes. (Stapley et al., 2021) 
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 SLFN14 in platelet function  

SLFN14 in vitro platelet function is retained in K208N mice but appears to contribute to 

reduced thrombus stability in in vivo models. It has been shown that increased erythrocyte 

count and subsequently haematocrit can affect blood rheology and increase platelet 

margination at the vessel wall rendering platelets hyper-reactive (Barshtein et al., 2007). 

However, upon vessel injury thrombus formation occurred at a similar rate to controls and 

platelets were not more reactive. In contrast, thrombi embolised quicker than controls, 

particularly under lower shear rates in the cremaster arterioles suggestive that the abnormal 

erythrocytes play a major factor in thrombus stability. It has been shown that erythrocytes 

form polyhedrocytes to seal clots, while platelets mainly provide the fibrin meshwork needed 

for clot elasticity (Ariens, 2015). Interestingly, the same research group have shown that 

erythrocytes and platelets can interact directly with fibrinogen in comparable affinity in a β3 

integrin dependent manner (Ariens, 2015). In the case of SLFN14-K208N it may be proposed 

that abnormal erythrocyte membrane dynamics may in fact disrupt this interaction. Clot 

stabilisation in wild-type mice is dependent on the contribution of both fully functional 

fibrinogen interactions of platelets and erythrocytes, but with only functional platelet binding, 

this may not be achieved in K208N mice. However, it is unclear if this mechanism still applies 

in haemostasis. Further exploration of this mechanism is needed through clot composition 

with labelling fibrin, erythrocytes and platelets.  

Clot instability of the IVC has been explored previously whereby CLEC-2 knockout mice 

(global inducible deletion or platelet specific deficient) are protected from deep vein 

thrombosis (DVT) based on their inability to interact with podoplanin at the vessel wall 

(Payne et al., 2017). This is based on a thrombo-inflammatory mechanism where CLEC-2 is 

a major receptor contributing to platelet-leukocyte interactions. CLEC-2 knockout mice in 

similarity to SLFN14-K208N have normal in vitro aggregation responses to collagen, CRP 

and thrombin (Haining et al., 2017, May et al., 2009) Contrastingly, β-thalassemia patients 
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are known to have an increased risk of thrombosis based on their chronic platelet activation 

and microcytic anaemia (Succar et al., 2011). It will be interesting to investigate DVT in these 

mice and assess the extent of platelet-erythrocyte interactions at the vessel wall, as well as 

whether their haemolytic anaemia is a major contributor of thrombosis, in a similar way to 

thalassemia patients.  

Other than contributing to reduced thrombus stability, it appears the erythrocyte defect did 

not play any part in increasing thrombosis risk through thrombin generation or spontaneous 

activation of platelets.  

 SLFN14 is a key regulator in haematopoiesis 

Transcription factors involved in megakaryopoiesis and erythropoiesis have very similar 

expression patterns, occurring at early stages in haematopoiesis and as suggested 

previously, there is significant overlap of GATA-1 and GATA-2 factors contributing to 

differentiation in both lineages. It was proposed that the binding sites of transcription 

regulators are different depending on the lineage but this is currently unclear and as such 

cytokines remain the major contributor to deciding lineage fate (Doré et al., 2012). In order to 

investigate this further RNA sequencing of different progenitors (MEP, ProE and MK) will 

highlight transcriptional differences throughout different lineages and highlight where in 

haematopoiesis such changes may occur with preference to one lineage or another. In 

addition to this, the presence of mutant SLFN14 may present different co-localisation 

patterns of rRNA in haematopoietic cells, showing evidence of endoribonucleolytic activity 

and RNA degradation in haematopoiesis similar to Dami and HEK293T cell experiments by 

Fletcher et al. 2018. (Fletcher et al., 2018).  

Recently Di Giandomenico et al identified a key physiological role of MKs in erythropoiesis. 

In the bone marrow MKs are one of the main sources of transforming growth factor β1 

(TGFβ1), a major cytokine involved in haematopoietic stem cell fate, proliferation and 

differentiation (Blobe et al., 2000). Briefly, suppression of TGFβ1 in MKs has shown to 
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accelerate erythropoiesis through increased EPO production and the subsequent feedback 

loop accelerating erythropoiesis (Di Giandomenico et al., 2020). In an MK specific TGFβ1 

knockout mouse they show an increased expansion of erythroid progenitors, reduced 

apoptosis which under usual circumstances controls excess erythrocyte production and a 

final elevated erythrocyte count (Di Giandomenico et al., 2020 {Zhao, 2014 #221). In the 

context of this thesis it may be interesting to study the SLFN14 K208N mutation in cytokine 

regulation, specifically to investigate if SLFN14 or its mutations interfere with the MK-TGFβ1 

axis and subsequently increases erythrocyte production in response to EPO signalling.  

The SLFN14PF4Cre model will be useful in eliminating effects of SLFN14 in other 

haematopoietic lineages and pinpointing differences only present in the MK. Although 

platelet function was retained in these mice, SLFN14 activity in megakaryopoiesis and 

particularly the production of enlarged platelets will be more relevant to patient phenotypes.   

Importantly, could this model be applicable as a therapeutic target? In patients with 

haematopoietic disorders such as polycythaemia vera or thrombocythaemia which have 

elevated erythrocyte and platelet counts respectively, it raises the question whether SLFN14 

in RNA cleavage or degradation may be a positive mechanism for controlling the over-

production of some cell types? Could lineage restriction or biases actually be beneficial in 

patients with heightened risk of thrombosis? If a sequence target for SLFN14 in 

haematopoiesis can be identified, it may be possible to reprogram the bone marrow in 

directing lineage preference to correct disorders of cell number without functional 

impairment. This would alleviate pressures of finding donor matched blood for transfusions 

with patients of rare blood types or those who have become alloimmunised. 

This is very much a future perspective but bone marrow transplantation in SLFN14-K208N 

and SLFN14 PF4Cre mice will highlight if SLFN14 functions in an innate or acquired manner. 

Can SLFN14 function in haematopoiesis be corrected by bone marrow transplantation of 
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wild-types or is this an intrinsic response which can only be treated later in blood cell 

production? 

 SLFN14 in megakaryopoiesis 

Aims 3 and 4 of this thesis were to investigate platelet production and function in both 

SLFN14-K208N and SLFN14 PF4Cre mouse models. Circulating platelet counts were 

normal in K208N heterozygote mice although the immature platelet fraction was increased. 

Previous studies have suggested that immature platelets may be more reactive but this did 

not appear to be the case, and as such did not hold any functional relevance. In the SLFN14 

PF4Cre model, mice showed macrothrombocytopenia although at this stage it has not been 

determined if this enlarged size is due to an elevated immature platelet fraction. In vivo 

platelet depletion and recovery assays (depleting using a GPIB antibody and lifespan 

labelling platelets with biotin) will reveal the rate of megakaryopoiesis and platelet production 

alongside platelet destruction and clearance. Given normal circulating levels in K208N mice it 

may be predicted that platelet clearance is normal but megakaryopoiesis may be accelerated 

hence premature release of immature platelets. This may be the opposite in SLFN14 PF4Cre 

mice whereby megakaryopoiesis is delayed or reduced in response to endoribonucleolytic 

activity of SLFN14 in transcription regulation or cytokine signalling in megakaryopoiesis. It 

would also be interesting to examine the differentiation and maturation process of SLFN14 

PF4Cre MKs in vitro, using varying concentrations of cytokines to observe if this 

macrothrombocytopenia is mirrored in TPO deficient conditions, or can be corrected with 

additional TPO supplementation. 

To mimic endoribonucleolytic properties of SLFN14 in megakaryopoiesis it may be possible 

to use CRISPR genome engineering in inducible pluripotent stem cells (iPSCs). Due to the 

difficulty in obtaining MKs from SLFN14 patients, inducing mutations into these cell lines 

using CRISPR and in vitro forward programming techniques will allow investigation into 

SLFN14 activity with respect to human megakaryopoiesis. Platelet function in these patients 
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has been well characterised, but the question is now what the mechanism is for these and 

where do differences arise during megakaryopoiesis? Using iPSCs will also allow production 

of progenitors from other lineages and in particular explore the behaviour of cells within the 

erythroid lineage of SLFN14 patient mutations.  

 SLFN14 in erythropoiesis and anaemia 

Aim 3 of this thesis was to address the role of SLFN14-K208N in the myeloid lineage of 

haematopoiesis. This arose due the unexpected erythrocyte defect observed in chapter 4 

when investigating platelet function. It was at this point it became clear that SLFN14 was 

functioning during haematopoiesis and may affect multiple lineages.  

One major factor with regard to the erythrocyte phenotype was severe anaemia. This was 

particularly surprising given the elevated circulating erythrocyte count with erythrocytes 

produced in both the bone marrow and spleen. The splenomegaly observed in SLFN14 

K208N heterozygotes was attributed partly to EMH but may also be as a result of increased 

erythrocyte clearance. Given normal proportions of progenitors in the bone marrow, the 

current working hypothesis is that the EMH in the spleen is in fact a stress response in order 

to compensate for anaemia by production of additional erythrocytes. However, haemolysis in 

the spleen is also upregulated, suggesting the balance between production and destruction 

of erythrocytes is disrupted. Biotinylation of erythrocytes in the circulation will allow 

investigation into erythrocyte clearance patterns and deduce whether the increased 

population of EryC cells in spleens are newly produced (from EryB progenitors) or if they are 

awaiting clearance. In addition, it may be interesting to investigate complete blood counts 

over a period of weeks beginning from the early postnatal stage. The kinetics of blood cell 

production undergoes various shifts from the early embryo into adulthood, particularly 

between the liver and spleen which may provide useful insight into the mechanism of 

SLFN14 and RNA interactions specific to erythropoiesis (Baron et al., 2013). No bone 

marrow scarring was observed by reticulin staining suggesting bone marrow function is 
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retained and EMH is a stress response to anaemia, potentially triggered by upregulated EPO 

production. This could be assessed by splenectomy; removal of the spleen may result in a 

reduced erythrocyte count and a subsequent defect in bone marrow erythropoiesis may be 

highlighted which is currently being covered by EMH compensation. Despite erythrocyte 

membranes appearing distorted, they do not express PS under resting conditions suggesting 

they are not circulating in an apoptotic state. However it is unclear if these are older cells and 

therefore not being cleared properly by the spleen or newly produced poikilocytes. SYTO13 

staining for residual RNA will address immature reticulocyte fraction accompanied by 

biotinylation assays will highlight if erythrocyte clearance is normal.  

Bone marrow erythroid progenitors are at normal levels in SLFN14-K208N mice identified by 

their cell receptors but it unknown if they have the correct RNA sequence and binding sites 

for transcription regulation or if they respond normally to EPO. This could be addressed by 

RNA sequencing of erythroid progenitors to show differences in cell signatures which may be 

occurring in response to altered levels of haematopoietic mRNAs. RNAs may be cleaved in 

early primitive erythropoiesis in the yolk sac resulting in defective haemoglobin development. 

This may cause embryonic lethality in homozygotes after E16.5 but survival in heterozygotes 

due to effective stress response in postnatal splenic EMH.  In vitro differentiation using EPO 

at varying concentrations will give information with regard to potential reduced EPO response 

in a similar way to that suggested in section 7.3.1 for megakaryopoiesis.  

At this stage it appears SLFN14 PF4Cre phenotype is restricted to the MK lineage but 

haematopoiesis and potential EMH will be investigated in the future.  

 Contribution of this thesis to wider research on endoribonucleases and 

haematopoietic regulation 

These species differences, as well as differences between mouse models suggest SLFN14 

is a key mediator in haematopoiesis. In mice and humans, expression of SLFN14 is limited to 

the myeloid lineage which affecting normal differentiation and function of terminal circulating 
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cells. In humans, this occurs in MKs and platelets, although erythroid lineage investigation is 

ongoing. With the generation of iPSCs containing SLFN14 patient mutations, this will allow 

us to use forward programming and in vitro differentiation to fully scrutinise the mechanism of 

RNA cleavage with respect to MK lineage which leads to macrothrombocytopenia and 

bleeding in these patients. In a mouse model of the same mutation, the phenotype very 

much occurs in the erythroid lineage while platelet function is retained. MKs and ProEs have 

a common progenitor, namely MEP. This suggests, in a species dependent manner, SLFN14 

as an endoribonuclease is cleaving RNAs potentially at the MEP which ultimately alters 

lineage fate or function in subsequent progenitors (Figure 7.1). In the SLFN14 PF4Cre 

model, although platelet function is normal, there is discrepancy with platelet production 

which may be of the same mechanism leading to reduced platelet count in patients.  

As a whole, endoribonucleases are very under-researched, with very little information of their 

involvement in disease. However, SLFNs or more precisely subgroup III SLFNs, are often 

described in studies of differentiation, proliferation and replication stressing their importance 

in control of cell production (Table 7.1). This thesis has expressed the importance of species-

specific differences which can arise when comparing mouse to man and the considerations 

which need to be made when likening phenotypes across species. In addition, this thesis has 

highlighted that SLFN14 is a novel regulator in the myeloid lineage of haematopoiesis and is 

an important transcription regulator of disease progression in both humans and mice.   
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Table 7.1: Publications describing Schlafen genes/proteins involved in cell differentiation, transcription and replication. 

Title Reference 

Schlafen, a New Family of Growth Regulatory Genes that Affect Thymocyte development (Schwarz et al., 1998) 

Characterization of Novel Ribosome-Associated Endoribonuclease SLFN14 from Rabbit 

Reticulocytes 

(Pisareva et al., 2015) 

Expression and regulation of Schlafen (SLFN) family members in primary human monocytes, 

monocyte-derived dendritic cells and T cells 

(Puck et al., 2015) 

Non-human Primate Schlafen11 Inhibits Production of Both Host and Viral Proteins (Stabell et al., 2016) 

Schlafen14 (SLFN14) is a novel antiviral factor involved in the control of viral replication (Seong et al., 2017) 

Role of the novel endoribonuclease SLFN14 and its disease-causing mutations in ribosomal 

degradation 

(Fletcher et al., 2018) 

Structure of Schlafen13 reveals a new class of tRNA/rRNA-targeting RNase engaged in 

translational control 

(Yang et al., 2018) 

The Schlafen family: Complex roles in different cell types and virus replication (Liu et al., 2018) 

SLFN11 promotes stalled fork degradation that underlies the phenotype in Fanconi anaemia 

cells 

(Okamoto et al., 2021) 
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Key Points

•Heterozygous muta-

tions in the SLFN14

AAA domain cause

species-specific differ-

ences in platelet and

erythroid lineage

commitment.

•SLFN14K208N/1 mice

display pronounced mi-

crocytic erythrocytosis

and anemia resulting

from defective red

blood cell formation.

Schlafen 14 (SLFN14) has recently been identi ed as an endor ibonuclease responsible for

cleaving RNA to regulate and inhibit protein synthesis. Ear ly studies revealed that members

of the SLFN family are capable of alter ing lineage commitment dur ing T-cell differentiation

by using cell-cycle ar rest as a means of translational control by RNase activity. SLFN14 has

been repor ted as a novel gene causing an inher ited macrothrombocytopenia and bleeding in

human patients; however , the role of this endor ibonuclease in megakaryopoiesis and

thrombopoiesis remains unknown. To investigate this, we repor t a CRISPR knock-in mouse

model of SLFN14 K208N homologous to the K219N mutation observed in our previous

patient studies. We used hematological analysis, in vitro and in vivo studies of platelet and

erythrocyte function, and analysis of spleen and bone mar row progenitors. Mice

homozygous for this mutation do not survive to weaning age, whereas heterozygotes exhibit

microcytic erythrocytosis, hemolytic anemia, splenomegaly, and abnormal thrombus

formation, as revealed by intravital microscopy, although platelet function and morphology

remain unchanged. We also show that there are differences in erythroid progenitors in the

spleens and bone mar row of these mice, indicative of an upregulation of erythropoiesis. This

SLFN14 mutation presents distinct species-speci c phenotypes, w ith a platelet defect

repor ted in humans and a severe microcytic erythrocytosis in mice. Thus, we conclude that

SLFN14 is a key regulator in mammalian hematopoiesis and a species-speci c mediator of

platelet and erythroid lineage commitment.

Introduction

Endoribonucleases are a family of proteins responsible for cleaving RNA to regulate and inhibit protein

synthesis.1 The Schlafen (SLFN) family of proteins/genes is made up of 10 mouse and 6 human SLFN

genes, all of which possess a characteristic AAA domain coding for DNA helicases, transcription

regulators, protein folding regions, and a distinctive SLFN box of unknown function.2 SLFN proteins are

divided into 3 subgroups and are highly homologous, classified based on their increasing length.

Subgroups II and III contain the aforementioned regions and a SWADL region, whereas subgroup III also

possesses an additional helicase region ; 400 aa.2-5

Reported roles for the SLFN family of proteins include translational control by RNase activity (SLFN14),

transfer RNA cleavage as part of the DNA damage response in tumor cells, and T-cell lineage and

commitment (SLFN1).6 Recently, SLFN14 mutations have been reported in 5 unrelated families

worldwide who present with macrothrombocytopenia and associated excessive bleeding.7-11 Patients
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