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Abstract 

Calreticulin (CALR) is an endoplasmic reticulum (ER)-resident chaperone 
that is mutated in ~40% of patients with myeloproliferative neoplasms 
(MPNs). Mutant CALR exerts its effects by binding to and activating the 
thrombopoietin receptor MPL to instigate hyperactive JAK-STAT signalling 
and the MPN phenotype. However, several aspects of the mechanism by 
which mutant CALR interacts with MPL to promote aberrant MPL activation 
remains unclear. In this work, I present work that identifies critical domains 
within mutant CALR and within MPL which are essential for malignant 
transformation.  

In Chapter 3, I describe experiments that implicate two motifs critical for 
mutant CALR oncogenic activity: (i) the glycan-binding lectin motif, and (ii) 
the zinc-binding domain. Further analysis demonstrated that the zinc-binding 
domain was required for facilitating mutant CALR homomultimerisation which 
was a co-requisite for MPL binding, and that depletion of intracellular zinc 
levels led to decreased CALR-MPL heteromeric complexes. These data 
implicate zinc as an essential cofactor for mutant CALR oncogenic activity. 

In Chapter 4, I describe experiments that identify essential signalling motifs 
within MPL that are required to transmit mutant CALR-induced signalling. 
Specifically, I identified that mutant CALR does not exert its oncogenic effects 
by binding to the thrombopoietin binding site on the extracellular domain nor 
the eltrombopag binding site in the transmembrane domain. Moreover, my 
data show that a single residue, Tyr626, within the intracellular domain of 
MPL is critical for mediating mutant CALR signalling.   

Finally, in Chapter 5, I optimised conditions for purification of wild-type and 
mutant CALR and undertook preliminary structural analysis and initial protein 
modelling of purified proteins using electron microscopy to reveal structural 
differences between wild-type and mutant CALR. These data indicate that 
mutant CALR is unstable and prone to aggregation, which make their 
purification challenging.  

Altogether, these findings reveal new biological insights into the molecular 
mechanism of action of mutant CALR, which could have therapeutic 
implications for treatment of CALR-mutated MPN.  
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Chapter 1 
Literature Review 

1.1 Overview of haematopoiesis 

Haematopoiesis refers to the continual process of blood cell formation and 

replenishment throughout the life of an organism. This hierarchical process 

begins with multipotential haematopoietic stem cells (HSCs) (Lorenz et al., 1951; 

Ng and Alexander, 2017). HSCs have the ability to self-renewal to give rise to 

more HSCs, or undergo differentiation in which these cells lose self-renewal 

potential and ultimately generate a spectrum of terminally differentiated, 

specialised blood cells of a specific haematopoietic lineage (Figure 1.1) (Orkin 

and Zon, 2008).  

 

HSCs give rise to two main haematopoietic lineages, namely, the myeloid and 

the lymphoid lineages (Traver and Akashi, 2004; Jagannathan-Bogdan and Zon, 

2013; Ivanovs et al., 2017) (Figure 1.1). The terminal myeloid lineage includes 

erythrocytes, megakaryocytes, neutrophils, macrophages, eosinophils and mast 

cells. The lymphoid lineage includes the T-lymphocytes, natural killer (NK) cells 

and B lymphocytes.  Mature, terminally differentiated haematopoietic cell types 

are highly divergent and participate in distinct processes and perform different 

physiological functions.  

 

Under homeostatic conditions, HSCs maintain a quiescent state in the G0 phase 

of the cell cycle (Rossi et al., 2007). Stress stimuli such as bleeding or infection 
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triggers the activation of transcriptional systems that stimulate HSCs to 

differentiate to cope with the elevated demand for blood cells; when the demand 

of these blood cells subsides, these HSCs return to their quiescent form (Wilson 

et al., 2008; Nakamura-Ishizu et al., 2014). Dysregulation of steady-state 

haematopoiesis is associated with accumulation of intermediate or terminally 

differentiated cells in the blood, bone marrow or peripheral lymphoid system and 

the development of haematopoietic malignancies (Warr et al., 2011).  
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Figure 1.1 Schematic overview of haematopoietic lineage.  Classical model 

of haematopoietic hierarchy with a major bifurcation between the myeloid and 

lymphoid branches as an important step in the lineage commitment. Cytokines 

and their associated receptors are responsible in the recruit specific JAK kinases 

necessary for cell maturation. LT-HSC: long term-haematopoietic stem cell; ST-

HSC: short term- haematopoietic stem cell; MPP: multipotent progenitor cells; 

CMP: common myeloid progenitor; CLP: common lymphoid progenitor; MEP: 

megakaryocyte-erythrocyte progenitor; GMP: granulocyte-macrophage 

progenitor. Closed circles represent JAK associated activation, JAK1 (yellow), 

JAK2 (orange) and JAK3 (green). 
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1.2 JAK-STAT signalling  

Cytokines play a crucial role during haematopoiesis and are responsible for 

initiating various responses that drive proliferation, survival, differentiation and 

maturation of HSCs (Metcalf, 2008; Brown and Ceredig, 2019). Since the 

discovery of specific cytokines, it is now known that some cytokines have specific 

lineage specification activity whereas others have broader functions in 

combination with multiple cytokines to stimulate proliferative responses.  

 

To exert their function, cytokines bind to their cognate transmembrane cytokine 

receptors on the extracellular domain to transmit signals intracellularly. 

Generally, there are two types of receptor families that are structurally related 

which are heavily involved in haematopoiesis, host defence and 

immunoregulation. Type I receptors are known to bind to cytokines such 

erythropoietin (Epo) and thrombopoietin (Tpo), most interleukins (IL) and colony-

stimulating factors; type II receptors bind to interferons (IFN) and IL-10 family 

cytokines (Gadina et al., 2001; Prigge et al., 2015; Brown and Ceredig, 2019). 

Most type I and type II cytokine receptors lack functional tyrosine kinase activity 

and therefore requires cytoplasmic tyrosine kinases, such as Janus Kinases 

(JAKs), to drive signalling. Activation of type I and type II receptors  is triggered 

following cytokine binding to the ligand-binding domains on the extracellular 

domain of the receptor, which results in either receptor homodimerisation, 

oligomerisation or induction of conformational change in preformed receptor 

dimers/multimers depending on the type of receptor that is being activated 

(Robb, 2007). Receptor activation leads to activation of receptor-associated 

JAKs, as described in detail below (Staerk and Constantinescu, 2012). 
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There are four mammalian JAKs that are essential for transmitting receptor 

signals, namely, JAK1, JAK2, JAK3 and TYK2 (Yamaoka et al., 2004; Staerk 

and Constantinescu, 2012). There is significant pleiotropy with respect to the 

utilisation of various JAKs by various cytokine receptors, with both types of 

cytokine receptors having been demonstrated to activate various JAKs, either 

individually or in combination, to affect a wide range of physiological processes. 

The JAK family of proteins are characterised by the presence of four common 

domains: (i) a JH1 kinase domain, (ii) a JH2 pseudokinase domain, (iii) JH3-7 

domains in the N-terminal of the protein of undetermined function, and (iv) the 

four-point-one, ezrin, radixin, moeisin (FERM) domain within the N-terminus 

(Ihle, 1995). JAK proteins are usually constitutively bound to the intracellular 

domain of cytokine receptor signalling chains via the FERM domain, and upon 

ligand-mediated receptor multimerisation, are brought in close proximity to one 

another, leading to transphosphorylation of adjacent JAK molecules which leads 

to JAK activation (Rawlings et al., 2004).  

 

Intramolecularly, the individual JAK domains mediate the process of JAK 

activation in three events. Firstly, JAKs are phosphorylated within the activation 

loop in the JH1 domain (Ihle and Gilliland, 2007). Secondly, this causes the 

phosphorylated activation loop to exhibit diminished capacity to interact with the 

JH2 pseudokinase domain. The JH2 pseudokinase domain is primarily involved 

in inhibition of kinase activity, and thus, phosphorylation within the JH1 activation 

loop relieves JH2-induced repression and promotes JAK activation. Thirdly, a 

further level of regulation involves phosphorylation within in the FERM domain 
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of JAK2 proteins that can also modulate JAK2 kinase activity (Funakoshi-Tago 

et al., 2006). 

 

Activated JAK kinases at the receptor are then responsible for phosphorylating 

key tyrosine residues within the cytokine receptor intracellular domain. These 

phosphorylated tyrosines then act as docking sites for STAT transcription 

factors. In humans, seven STAT members exist (STAT1, STAT2, STAT3, 

STAT4, STAT5A, STAT5B and STAT6). Receptor-recruited STATs are in turn 

phosphorylated on a single tyrosine residue by receptor-associated JAKs within 

their C-terminal transactivation domain (TAD) (Benekli et al., 2003). STAT 

phosphorylation then triggers homo- and heterodimerisation of STAT proteins 

which facilitates their translocation from the cytoplasm into the nucleus to act as 

transcription factors and activate or represses transcription of target genes 

(Figure 1.2). Unique combinations of cytokine receptors, JAKs and STATs are 

critical in specifying distinct haematopoietic lineages. In general, STAT3 and 

STAT5a/b governs signal transduction in growth factor-regulated control of 

myelopoiesis, whereas STAT1, STAT4 and STAT6 are essential for immune 

cells. Of note, STAT serine phosphorylation also occurs and modulates STAT 

activity, however, the role of this mechanism in instructing haematopoiesis 

remains unclear (Decker and Kovarik, 2000; Kiu and Nicholson, 2012). 

Regardless of the combination, activated STAT dimers are translocated into the 

cell nucleus where they serve as transcription factors to activate transcription of 

target genes (Mao et al., 2005).  
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Figure 1.2 Mechanisms of JAK-STAT pathway. Signalling receptors directly 

associated with JAK-STAT signalling cascade include EpoR, G-CSFR and MPL. 

Upon ligand binding, these receptors recruit JAK kinase and becomes 

phosphorylated resulting in STAT activation and dimerisation that lead to the 

translocation of STAT dimers into the nucleus and drive transcription of genes 

associated with survival, proliferation and differentiation.  
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The JAK/STAT signalling pathway is highly regulated through the balance of 

cytokines that activate the signalling cascade and various mechanisms that 

antagonise these signals. Cytokine signalling is attenuated by negative 

regulation that dephosphorylate JAKs and inhibit STAT activation. In addition to 

the intrinsic inhibitory activity of JH2 domain of JAK in attenuating signalling, 

several additional mechanisms have evolved to regulate the duration and 

intensity of JAK-STAT signalling. These are mainly mediated by three classes: 

(i) protein phosphatases; (ii) the protein inhibitors of activated STAT (PIAS) 

family; and (iii) the suppressor of cytokine signalling (SOCS) family (Starr et al., 

1997; Naka et al., 1997; Seif et al., 2017). Protein phosphatases modulate 

signalling by dephosphorylating tyrosine residues to down-regulate JAK kinase 

activity. Several phosphatases that have been previously identified include SH2 

domain-containing tyrosine phosphatases (SHPs), T-cell protein tyrosine 

phosphatase (TC-PTP), protein tyrosine phosphatase 1B (PTP1B) and 

transmembrane protein CD45 (Murphy et al., 2010). PIAS proteins attenuate 

signalling through sumoylation, where a SUMO is attached to a lysine residue 

analogous to ubiquitination, and targets client proteins for degradation 

(Ungureanu et al., 2003). Finally, SOCS proteins can attenuate signalling directly 

by binding to activated JAKs and binding to phosphorylated receptors to 

outcompete STAT binding to the receptor (Starr and Hilton, 1999). Collectively, 

this illustrates that regulation of JAK-STAT signalling can be mediated through 

inhibition of the receptors, JAKs and STATs. The exact nature of the crosstalk 

between these regulatory processes remains a topic of active investigation, and 

it is likely that additional negative regulators also remain to be identified.  
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1.3 Role of JAK-STAT signalling in myelopoiesis 

As previously stated, cytokines are soluble peptide factors that instruct HSCs 

and immature progenitors to undergo cellular proliferation and differentiation. 

This is achieved by receptor-mediated activation of various JAKs and STATs to 

activate various transcriptional networks to enforce myeloid lineage fate 

decision. In this section, I will discuss the role of the JAK2-STAT5 signalling axis 

and its essential role downstream of various cytokine receptors in directing 

differentiation down various myeloid lineages. The significance of JAK2 in driving 

commitment of progenitor cells from the myeloid lineage is outlined in Figure 1.1 

through its direct participation in the signal transduction of various cytokine-

mediated cell differentiation (Radosevic et al., 2004).  

 

1.3.1 Role of JAK2 signalling in erythropoiesis 

Erythropoiesis is a complex, highly-regulated process that produces mature 

enucleated erythrocytes (red blood cells) from a multipotent progenitor cell 

(MPP) in the bone marrow (Orkin, 2000; Zivot et al., 2018). This process is 

primarily driven by the cytokine erythropoietin (Epo), a glycoprotein that acts as 

a ligand specifically for Epo receptor (EpoR) that is found on erythroid 

progenitors (Spivak, 2005). Epo is produced primarily in the kidney and is 

released in the blood upon physiological response to hypoxia and anaemia 

(Chateauvieux et al., 2011). Direct physical interaction between Epo with pre-

formed EpoR homodimers triggers conformational changes of the extracellular 

and intracellular domains of EpoR and consequently autophosphorylation and 

activation of JAK2 (Figure 1.2) (Witthuhn et al., 1993; Hubbard, 2018). JAK2 

activation leads to phosphorylation of eight specific tyrosine residues localised 
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on the cytoplasmic region of EpoR that serve as docking sites to recruit various 

SH2-domain containing proteins to initiate four main signalling pathways that are 

associated with EpoR activation: (i) JAK2/STAT5, (ii) mitogen-activated protein 

kinase (MAPK)/ extracellular signal-regulated kinase (ERK), (iii) protein kinase 

C (PKC) and (iv) phosphoinositide 3-kinase (PI3K)/AKT (Hedley et al., 2011; 

Lacombe and Mayeux, 1999; Frank, 2002; Bao et al., 1999; Kuhrt and 

Wojchowski, 2015). Collectively, these signalling pathways regulate erythroid 

cell survival, promote cellular proliferation and erythroid differentiation, and 

suppress pro-apoptotic signals.  

 

1.3.2. Role of JAK2 signalling in megakaryopoiesis  

Thrombopoietin (Tpo) is the principle regulator of proliferation and maturation of 

megakaryocytes (MK), the process known as thrombopoiesis (Eaton and de 

Sauvage, 1997; Kaushansky, 1997; Bianchi et al., 2016). Mice lacking either Tpo 

or Mpl (the receptor for Tpo) exhibit severe thrombocytopaenia with a deficiency 

in megakaryocytes and their progenitor cells (Ng et al., 2014), suggesting that 

Tpo is indispensable for maintaining the megakaryocyte population in vivo. Tpo 

is only critically required in early progenitor cells (Ng et al., 2014). Once the 

haematopoietic progenitor is committed to the MK lineage, Tpo also mediates 

the expression of particular cell surface proteins that are involved in platelet 

function and aggregation, namely, glycoprotein (gp) IIb/IIIa and gpIb 

(Doubeikovski et al., 1997; French and Seligsohn, 2000). 

 

In addition to directing MK maturation, there is also significant evidence 
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suggesting that Tpo function is not restricted to megakaryopoiesis but rather also 

has pleiotropic functions (Nakamura-Ishizu and Suda, 2019). For example, 

studies have also shown that Tpo accelerates red blood cell recovery in 

myelosuppressed mice and that Tpo supports proliferation of haematopoietic 

regulators either alone or in combination with other early acting cytokines 

(Kaushansky et al., 1996; Solar et al., 1998; de Graaf and Metcalf, 2011). 

Furthermore, Tpo has also been demonstrated to synergise with Epo to stimulate 

proliferation of erythroid cells in vitro (Kaushansky et al., 1995; Kobayashi et al., 

1995). Finally, Tpo has also been shown to maintain HSC quiescence 

(Yoshihara et al., 2007).  

 

The biochemical mechanism of Tpo activity is by binding directly to its cell 

surface receptor Mpl. Tpo-Mpl binding induces receptor dimerisation and 

subsequent JAK2 activation (Figure 1.2) (Hitchcock and Kaushansky, 2014), 

that leads to phosphorylation of tyrosine residues Tyr626 and Tyr 631 within the 

cytoplasmic domain of the receptor itself. This phosphorylation allows 

recruitment of STAT1, 3 and 5 proteins that lead to the intracellular signal 

transduction cascade that gives rise to mature megakaryocytes and subsequent 

platelet production (Fishley and Alexander, 2004). STAT activation leads to 

expression of genes heavily involved in mediating cell proliferation and cell 

survival, such as Cyclin D1, p21 and Bcl-XL (Geddis et al., 2002). Additionally, 

these tyrosine residues can also stimulate PI3K/AKT and MAPKs signalling 

cascades (Geddis et al., 2002; Tefferi, 2008). Furthermore, an adapter protein 

that is known to inhibit JAK2, Lnk, also showed increase activity upon Tpo 

stimulation, and can act as a negative regulator constraining Tpo-Mpl signalling 
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in HSCs (Bersenev et al., 2008; Gery and Koeffler, 2013).  

 

1.3.3 Role of JAK2 signalling in granulopoiesis  

Granulopoiesis is the process of granulocyte formation that gives rise to 

neutrophils and macrophages (Bainton, 2004). It is estimated that over 60% of 

leucocytes in the bone marrow are granulocytes or granulocyte precursors 

(Kennedy and Deleo, 2009). Neutrophils and macrophages play a critical role in 

the immune response against bacterial viral and fungal infections. Following 

HSC differentiation into granulocyte/macrophage-restricted lineages, 

progenitors engage numerous transcription factors and growth factors that 

stimulate maturation (Lawrence et al., 2018). The cytokines that govern 

granulopoiesis are mainly colony-stimulating factors such as stem cell factor 

(SCF), interleukin-3 (IL3), granulocyte colony-stimulating factor (G-CSF) and 

granulocyte-macrophage colony-stimulating factor (GM-CSF) (Kawahara, 

2011). Both GM-CSF and G-CSF play overlapping roles in granulopoiesis and 

are dependent on signalling pathways via its specific receptors, GM-CSFR and 

G-CSFR, respectively. However, knockdown of G-CSF but not GM-CSF results 

in perturbation of haematopoiesis, thereby indicating that G-CSF play a more 

prominent role in driving granulopoiesis (Lieschke et al., 1994). It has also been 

shown that during neutrophil maturation, G-CSF induces changes in the shape 

and appearance of granulocytic cells and undergo nuclear condensation (Mehta 

et al., 2015). 

 

Studies in the molecular mechanisms of GM-CSF and G-CSF activity revealed 
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that (similar to Epo and Tpo) these cytokines also activate JAK/STAT, PI3K/AKT, 

Ras/ERK and MAPK pathways downstream of their cognate receptors (Shi et 

al., 2006; Marino and Roguin, 2008). Binding of these cytokines initiates receptor 

conformational changes that lead to autophosphorylation of JAK2 and activation 

of STAT5, PI3K and MAPK (Figure 1.2) (Dijkers et al., 1999; Jenkins et al., 

1998). These signalling pathways drive cell proliferation, cell growth, 

differentiation and resistance to apoptosis (Shimoda et al., 1994; Schuettpelz et 

al., 2014).  

 

Collectively, these studies highlight the critical role of JAK2 signalling 

downstream of various receptors that are essential for maintaining survival and 

growth during HSC differentiation and for directing myeloid differentiation. 

Unsurprisingly, dysregulation of these pathways is frequently associated with 

malignancies of the myeloid lineages, as discussed in the next section.  

 

1.4 Myeloproliferative neoplasms 

1.4.1 History of Myeloproliferative neoplasms  

The ‘humoral theory’  was based on the early work of Hippocrates and Galen 

who believed that illness was due to the imbalance of one of the four ‘humors’, 

where blood dominated the others (Cruse, 1999; Falagas et al., 2006; Christie, 

1987). Humoral theory suggests that clotted blood is comprised of 4 components 

that form distinct layers in a test tube: the serum that disassociate from the blood 

(yellow bile), the white blood cells (phlegm), the oxygenated red blood cells 

(blood) and the deoxygenated red blood cells (black bile) (Fahreus, 1921). The 
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scientific application of microscopes in the late seventeenth century led to the 

first visualisation of red and white blood cells in 1668 and 1749, respectively 

(Hooke and Allestry, 1665; van Leeuwenhoek, 1674; Cobb, 2000; Lieutaud, 

1749). Platelets were recognised in the early nineteenth century and were further 

demonstrated to play a role in haemostasis (Brewer, 2006). The use of chemical 

dyes as selective biological stains allowed thorough morphological evaluation of 

blood cell components. This technique enabled scientists to determine key 

features that distinguished lymphocytes from granulocytes (Ehrlich, 1877; 

Drews, 2004). This supported the concept that an ‘ancestral cell’ gave rise to 

cellular components of the bone marrow and gave rise to circulating red blood 

cells (Neumann, 1869; Cooper, 2011). 

 

From the mid nineteenth and early twentieth century, various cases reported 

individuals suffering from hyperactivity of haematopoietic organs such as the 

spleen and increased viscidity of the blood (Bennett, 1845; Virchow, 1845; 

Craigie, 1845; Vaquez, 1895; Osler, 1903; Heuek and Assistenzarzt, 1879; 

Epstein and Goedel, 1934; Cerquozzi and Tefferi, 2015). The first case of 

chronic myelogenous leukaemia (CML) was reported in 1845 in a patient 

presenting with splenomegaly and hypertrophy of the liver that resulted in death 

due to suppuration of the blood (Virchow, 1845; Bennett, 1845). This was 

followed by the discovery of a new clinical entity, primary myelofibrosis (PMF) 

that included extramedullary haematopoiesis, osteosclerosis and bone marrow 

fibrosis (Heuek and Assistenzarzt, 1879). The first description of polycythaemia 

vera (PV) reported evidence of excessive and persistent erythrocytosis (Vaquez, 

1895). This was confirmed to be a new clinical entity and distinctions later 
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observed between relative and secondary polycythaemia (Osler, 1903; Osler, 

1908). Essential thrombocythaemia (ET) was among the later diseases classed 

as a clinical entity and was associated with haemorrhagic thrombocythaemia  

and elevated platelet along with evidence of sclerotic spleen (Epstein and 

Goedel, 1934). These diseases presented with highly diverse symptoms and 

their aetiology remained obscure, however, these were assumed to be 

potentially related diseases from the same origin due to the similarities in clinical 

manifestation (Hirsch, 1935; Vaughan and Harrison, 1939).  

 

In 1951, William Dameshek grouped the four clinicopathologic entities, CML, ET, 

PV and PMF under the rubric 'myeloproliferative disorders' (MPD) (Dameshek, 

1951; Tefferi and Pardanani, 2015). Dameshek primarily highlighted that bone 

marrow cells such as erythroblasts, megakaryocytes and granulocytes 

proliferate en masse, indicating that these cells are mass produced during 

physiological conditions. Dameshek therefore speculated that the overlapping 

clinical and morphological features of these disorders were attributed to the 

myeloproliferation in the bone marrow. Dameshek further suggested that an as-

yet undiscovered 'myelostimulatory' factor was responsible for driving the 

development of these diseases (Tefferi, 2008). 

 

Following the work of Dameshek, work exploiting polymorphisms in the X-linked 

glucose-6-phosphate dehydrogenase (G-6-PD) locus successfully determined 

these disorders all have clonal origin (Fialkow et al., 1967; Adamson et al., 1976; 

Jacobson et al., 1978; Fialkow et al., 1981; Shlush, 2018). The principle uses 

polymorphic G-6-PD isozymes as a marker system for identifying clonality is 
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dependent on the randomness of X-chromosome inactivation (Chen and Prchal, 

2007), and was adapted for analysis of clonal origins of neoplasms. Using this 

assay, normal tissues would be expected to be exhibit equivalent expression of 

both G-6-PD isozymes due to random X-inactivation, whereas neoplasms 

derived from a single ‘ancestral’ cell would exhibit skewed expression of one G-

6-PD isozyme due to domination of an ancestral clone. Neoplasms with a 

multicellular origin should also express both isozymes equivalently, as seen in 

unaffected tissues (Fialkow et al., 1967; Shlush, 2018).  Using this assay, 

analysis of erythrocytes, granulocytes and platelets derived from female PV 

patients showed skewed levels of one G-6-PD isozyme expression indicative of 

clonal haematopoiesis, whereas skin fibroblasts demonstrated no evidence of 

skewing (Adamson et al., 1976; Shlush, 2018). Further analysis of CML, ET and 

PMF patients similarly demonstrated that these disorders are all established 

from a single stem cell clone. At the same time, the identification of BCR-ABL as 

the disease-initiating mutation in CML led to the new classification that separated 

CML from ET, PV and PMF, and the latter three disorders were renamed as 

chronic myeloproliferative neoplasms (MPN) (Nowell, 2002; Tefferi, 2008). 

 

The current view therefore of the classical myeloproliferative neoplasms (MPN) 

(also termed as BCR-ABL-negative MPNs) are as a group of clonal, 

haematopoietic stem cell disorders that are characterised by overproduction of 

fully functional terminally differentiated blood cells of the myeloid lineage 

(Nangalia et al., 2016; Levine, 2012). The three classical MPNs are ET, PV and 

MF, and are defined primarily on the haematopoietic lineage(s) affected. ET is 

characterised by an elevated platelet count accompanied by megakaryocytic 
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hyperplasia, PV is characterised by an increase of erythrocytes and predominant 

erythroid lineage involvement with variable hyperplasia of the 

granulocytic/megakaryocytic lineages, and PMF presents a heterogeneous 

disorder defined by megakaryocytic hyperplasia and bone marrow fibrosis. In all 

cases, the disease arises as a result of the acquisition of MPN-initiating somatic 

mutations in an HSC that provides the MPN HSCs with a clonal advantage over 

normal HSCs to drive myeloid differentiation and expansion and leads to 

increased production of an affected myeloid lineage. In addition, all three 

disorders collectively have a tendency to transform into secondary acute myeloid 

leukaemia (AML) through an accumulation of additional lesions at various 

cooperating loci encoding genes such as epigenetic regulators, splicing factors 

and TP53. Post-MPN AML presents with poor prognosis and survival (Yogarajah 

and Tefferi, 2017).  

 

1.4.2 Role of cytokine signalling in the pathophysiology of MPN 

All MPN entities are derived from a single somatically mutated HSC that clonally 

expands within the bone marrow and contributes to over-proliferation of various 

myeloid lineages. This pathophysiology has been attributed to hypersensitivity 

of haematopoietic progenitors from MPN patients to various cytokines. It was 

shown that in vitro culture of bone marrow cells from PV patients (but not non-

diseased individuals) could give rise to erythroid colonies in the absence of 

cytokines such as Epo (Prchal and Axelrad, 1974; Dupont et al., 2007). This 

phenomenon of endogenous erythroid colony (EEC) formation is characteristic 

of PV, and was subsequently observed in a subset of patients with ET and PMF 

also (Adamson, 1968; Zanjani et al., 1977; Gewirtz et al., 1983; Juvonen et al., 
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1993; Griesshammer et al., 1998; Kawasaki et al., 2001; Hofmann, 2015). These 

reports were followed by evidence of hypersensitivity of MPN cells to other 

cytokines such as interleukin-3 (IL-3), granulocyte-macrophage colony-

stimulating factor (GM-CSF), insulin-like factor 1 (IGF1) and stem cell factor 

(SCF) (Dai et al., 1992; Correa et al., 1994; Montagna et al., 1994; de Wolf et 

al., 1989; Dai et al., 1997; Hammarén et al., 2019). Collectively, these reports 

suggest a potentially critical role for deregulation of cytokine signalling in 

mediating the MPN phenotype.  

 

In line with a key role for cytokine signalling in MPNs, it was also shown that 

aberrant STAT activation was a common feature of primary cells of MPN 

patients. STAT3/5 hyperactivation (as gauged by DNA binding ability in gel shift 

assays) was a primary molecular aberration in granulocytes from PV patients 

(Röder et al., 2001). STAT5 activation was also seen to correlate with the anti-

apoptotic protein BCL-xL following Epo stimulation, indicating a potential role of 

STAT5 signalling in inhibiting apoptosis (Silva et al., 1999; Ishida et al., 2018). 

Furthermore, constitutive activation of PI3K and AKT was also reported in 

erythroid progenitors of PV patients following incubation with SCF or EPO 

(Nishigaki et al., 2000; Dai et al., 2005). Taken together, these reports indicate 

a significant role of STATs and PI3K/AKT in the pathobiology of MPN cells and 

are consistent with a role of aberrant cytokine signalling in driving the myeloid 

expansion observed in MPN. 
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1.4.3 Mutational Landscape of MPN 

Given the prominent role of cytokine receptors in MPN pathobiology, it was 

initially theorised that gain-of-function mutations in these receptors could be 

responsible for MPNs. Early studies however revealed no mutations in the 

coding and non-coding regions of the EPOR gene or the MPL gene in a limited 

number of ET, PV and MF patients (Hess et al., 1994; Le Couedic et al., 1996; 

Mittelman et al., 1996; Wang and Hashmi, 2003; Randi et al., 2005). These 

findings prompted a search for causative MPN lesions in other parts of the JAK-

STAT signalling cascade. 

 

1.4.3.1 JAK2V617F 

In 2005, the breakthrough came when four independent groups identified a 

somatic gain-of-function mutation in the JAK2 gene that is present in a majority 

of  MPN subtypes (James et al., 2005; Levine et al., 2005; Baxter et al., 2005; 

Kralovics et al., 2005). The lesion was a G>T transversion in nucleotide 1849 in 

exon 14 of the JAK2 gene. This resulted in a substitution from valine to 

phenylalanine in codon 617 (JAK2V617F). Over 95% of PV patients and ~50-

60% of ET and MF patients were found to harbour the JAK2V617F mutation 

(James et al., 2005; Levine et al., 2005; Baxter et al., 2005; Kralovics et al., 

2005), making it the most common genetic lesion in MPN patients regardless of 

subtype (Figure 1.3).   

 

The effect of the V617F mutation on JAK2 activity is constitutive hyperactivation 

of JAK2 kinase activity. This is achieved by disrupting the normal activity of the 

valine-617 amino acid residue which is located within the JH2 pseudokinase 
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domain and is required to inhibit the activity of the adjacent JH1 kinase domain 

(Saharinen and Silvennoinen, 2002) to ensure that JAK2 is kept at an inactive 

state in the absence of phosphorylation. The valine-617 substitution to 

phenylalanine caused by the V617F mutation thus leads to loss of inhibitory 

activity by the JH2 pseudokinase domain, decreased suppression of JH1 kinase 

activity, and constitutive increase in JAK2 kinase activity (Bandaranayake et al., 

2012).  

Figure 1.3 Mutational Frequencies of MPN. Distribution of somatic mutations 

in MPN patients according to phenotype. Colours indicate percentage of somatic 

mutations within each subtype.  

 

This discovery stimulated follow-up research efforts to elucidate the role of 

JAK2V617F in disease initiation and myeloproliferation (Silvennoinen and 

Hubbard, 2015). Bone marrow transplantation studies confirmed that over-

expression of JAK2V617F is sufficient to induce a PV-like phenotype in mice 

(Wernig et al., 2006), but its activity was shown to heavily rely on the presence 
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of specific cytokine receptors, such as erythropoietin (EpoR), thrombopoietin 

(MPL) or granulocyte colony-stimulating factor (GCSFR) (Lu et al., 2005). 

Various knock-in mouse models expressing physiological levels of Jak2V617F 

exhibited a range of MPN-like phenotypes, including ET (Li et al., 2010), PV 

(Mullally et al., 2010) and MF (Akada et al., 2010; Marty et al., 2010). The 

discrepancies in the phenotypes are likely to reflect differences in the species of 

the JAK2 cDNA employed in the construction of the mice, with murine Jak2 

cDNA giving rise to more severe phenotypes. Nevertheless, these studies 

confirmed that JAK2V617F alone was able to directly engender an MPN 

phenotype in vivo. 

 

Further analysis subsequently revealed the crucial mediators downstream of 

JAK2V617F that are essential for MPN pathogenesis. A crucial role of STAT5 in 

the pathogenesis of PV was confirmed in mouse studies whereby Jak2V617F 

was incapable of giving rise to an MPN phenotype in a Stat5-null context (Yan 

et al., 2012; Walz et al., 2012). In contrast, although ERK, AKT and STAT3 are 

often constitutively activated in JAK2V617F cells, these signalling pathways 

were shown to be dispensable for mediating haematopoietic transformation (Zou 

et al., 2011; Yan et al., 2012). Follow up studies demonstrate that deletion of 

STAT3 increases thrombopoiesis and reduced overall survival suggesting that 

STAT3 could in fact negatively regulate MPN induced by JAK2V617F (Yan et 

al., 2015; Yan and Mohi, 2013; Grisouard et al., 2015). Finally, STAT1 play 

differential roles in the pathogenesis of various MPN subtypes, with STAT1 

activation associated with enhanced megakaryocytic differentiation in ET (Chen 

et al., 2010). Collectively, these data suggest that cytokine activation and 
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downstream activation of STAT1 and 5 are necessary for JAK2V617F-mediated 

transformation.  

 

1.4.3.2 JAK2 Exon 12 mutations 

For the small fraction of PV patients that were JAK2V617F-negative, it was 

hypothesised that acquired mutations in either another JAK family members or 

elsewhere in JAK2 could account for these patients. Sequencing of all 25 JAK2 

exons in granulocyte DNA obtained from a JAK2V617F-negative PV patient 

revealed an additional area of sequence change in exon 12: a three-nucleotide 

substitution from CAA to ATT in positions 1614 through 1616 resulting in a 

H538QK539L mutation (Scott et al., 2007). This alteration was only present at 

low levels in granulocytes and was absent in T-cells, implying that this alteration 

was acquired. Furthermore, this variant was also seen in clonally derived EECs 

at a similar level as heterozygous mutation. An independent sequencing of JAK2 

exons in a second JAK2V617F-negative patient yielded a 6 bp in frame deletion 

at positions 1611 to 1616 (also in exon 12), resulting in F537-K539delinsL 

mutation. Despite the heterogeneity with respect to sequence changes in these 

cases, both variants targeted H538 and K539 residues. Analysis of eight 

additional JAK2V617F-negative PV patients subsequently revealed four 

additional exon 12 allele variants that all presented with changes affecting 

conserved residues between K537 and E543 whilst three of the alleles identified 

contained a K539L substitution. Sequence analysis of granulocyte DNA from 

patients with JAK2V617F-positive PV, JAK2V617F-negative ET and 

JAK2V617F-negative cases of idiopathic myelofibrosis showed no evidence of 

JAK2 exon 12 mutations (Scott et al., 2007; Pardanani et al., 2007; Colaizzo et 
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al., 2007; Williams et al., 2007). Following this discovery, further cases have 

identified JAK2 exon 12 mutations in numerous reports (Martínez-Avilés et al., 

2007; Butcher et al., 2008; Ohyashiki et al., 2009). The mechanism of action for 

these mutations is thought to be similar to that of JAK2V617F, specifically via 

de-repression of the pseudokinase inhibitory activity. 

 

Functional studies confirmed that JAK2 exon 12 variants are MPN driver 

mutations. Bone marrow transplantation of mouse bone marrow cells transduced 

with JAK2-K529L resulted in mice which exhibited high levels of haemoglobin, 

reticulocytosis and leukocytosis (Scott et al., 2007), and transgenic mice with 

JAK2-N542-E543del (the most frequent exon 12 variant) also presented with 

elevated haemoglobin and reduced overall survival but normal platelet and 

neutrophil counts (Grisouard et al., 2016). Molecular characterisation of these 

mice demonstrated increased signalling of STAT3 and ERK1/2 pathway and 

deregulation in iron metabolism that favoured increased erythropoiesis. 

Interestingly, these mice showed no significant up-regulation in STAT5 

signalling, unlike JAK2V617F mice. Furthermore, although a modest increase of 

pSTAT1 was reported, it was shown that STAT1 does not play a crucial role in 

mediating the signalling consequences of JAK2 exon 12 mutations on 

erythropoiesis or megakaryopoiesis (Grisouard et al., 2016; Godfrey et al., 

2016).  

 

1.4.3.3 Thrombopoietin receptor (MPL) mutations 

As described above, thrombopoietin receptor (MPL) and its ligand, 

thrombopoietin (TPO) play an essential role during megakaryopoiesis. In 2006, 
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mutations in exon 10 of gene encoding MPL was identified in JAK2-unmutated 

ET and MF cases at a frequency of 3-5% and 8-11%, respectively (Pikman et 

al., 2006; Pardanani et al., 2006). This mutation is located in the juxtamembrane 

region of MPL with the most common mutation being a substitution in codon 515 

leading to tryptophan-to-leucine (W515L) and tryptophan-to-lysine (W515K) 

(Beer et al., 2008).  Other MPL mutations such as W515S, W515A and S505N 

have also been discovered in some cases of hereditary thrombocytosis 

(Chaligné et al., 2008; Teofili et al., 2007). Overall, these mutations lead to 

inappropriate receptor homodimerisation that results in aberrant activation of 

JAK-STAT, MAPK, ERK and Akt signalling pathways (Pikman et al., 2006). The 

molecular mechanism of MPL activation in normal and diseased states is 

discussed more extensively in Chapter 4.  

 

Functional studies confirmed that MPL variants are true MPN driver mutations. 

MPLW515L-mutant mice exhibit disease phenotype similar to ET and MF (Li et 

al., 2011; Pecquet et al., 2010), but does not cause PV-like phenotypes seen in 

JAK2V617F murine models. These differences however accord with the fact that 

MPL mutations are only present in ET and MF patients and may suggest that 

the MPLW515L exerts is primary effects on megakaryocytic lineages in vivo.  

 

1.4.3.4 Calreticulin (CALR) mutations 

In 2013, two groups reported that mutations in the gene encoding ER-resident 

chaperone calreticulin (CALR) can be detected in ~25-30% of ET and MF 

patients, and represent the most common genetic lesion in JAK2-unmutated 

MPN patients (Klampfl et al., 2013; Nangalia et al., 2013). CALR mutations 
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reside in the exon 9 of CALR gene, and are a heterogeneous set of insertion-

deletion (indel) mutations that give rise to a +1 bp frameshift that results in the 

replacement of the C-terminal tail of the wild-type CALR protein with a mutant-

specific C-terminus encoded in an alternative reading frame. Of the mutations 

identified, the 52-bp deletion (type I) mutation (L367fs*46) and a 5-bp insertion 

(type II) mutation (K385fs*47) are the most common (Nangalia et al., 2013). 

Across all CALR-mutated MPN patients, over 65% of patients harbour a type I 

mutation, 32% of patients exhibited a type II mutation and 3% of patients 

exhibited other variants. The frequency of type I mutation was also significantly 

higher in PMF patients (75%) than in ET patients (48%).  

 

The mechanism by which CALR mutations confer MPN has not been fully 

elucidated. In contrast to other MPN driver mutations, the link between CALR 

and aberrant cytokine signalling, the emblematic feature of MPN biology, is not 

immediately obvious, and the mechanism by which CALR mutations activates 

MPL remains a topic of active investigation. In the next section, I will provide a 

summary of the relevant literature on the normal biology of CALR, followed by a 

summary on the mechanism of action of mutant CALR in MPN pathogenesis. 

 

1.5 Calreticulin  

 

1.5.1 Cellular functions of calreticulin  

Since its first isolation in 1974, CALR has been extensively studied by various 

groups that were interested in identifying its significance and function (Ostwald 
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and MacLennan, 1974; Michalak et al., 1996; Van Duyn Graham et al., 2010; 

Zimmerman et al., 2013). The primary function of CALR is to act as a molecular 

chaperone in the endoplasmic reticulum (ER) and to interact with various newly 

synthesised glycoproteins to facilitate proper protein folding and quality control 

and engage in the “calreticulin-calnexin cycle” (Figure 1.4) (Peterson et al., 

1995; Parodi, 2000). In this process, nascent polypeptide chains enter the 

lumen, and glucosidase I exposes the outermost glucoses to show the 

Glc1Man9GlcNAc2 epitope (Helenius and Aebi, 2004). This epitope is 

subsequently recognised by CALR or its closely related homologue calnexin 

(CANX), which binds to these monoglucosylated glycans. This binding is then 

followed by the removal of the innermost glucose by glucosidase II which frees 

the glycoprotein from the lectin anchor of CALR or CANX. Deglucosylated 

glycoprotein substrates can then be bound by UDP-Glc:glycoprotein 

glucosyltransferase (UGGT), an enzyme that functions as a conformational 

sensor. If UGGT senses that the substrate protein exhibits a non-native three-

dimensional structure, it will reglucosylate the protein, thus making it a substrate 

for CALR or CANX, and susceptible to glucosidase II activity again. Thus, the 

glycoprotein binding and liberation by CALR or CANX continually occurs in a 

cycle, catalysed by competing activities of glucosidases II and UGGT until the 

glycoproteins attain their desired native structures whereupon the glycoprotein 

exits the cycle and are allowed to continue their transit through the secretory 

pathway (Ware et al., 1995; David et al., 1993). These reactions are frequently 

dependent on the recruitment other molecular chaperones and folding enzymes 

such as ERp57 to promote efficient folding by enhancing the formation of 

disulphide bonds (Zapun et al., 1998). Known client proteins of CALR include 

insulin receptor (Bass et al., 1998), and major histocompatibility complex (MHC) 
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class I and class II molecules (Blees et al., 2017; Raghavan et al., 2013; 

Wijeyesakere et al., 2015; Degen et al., 1992).  

 

 

 
Figure 1.4 Calnexin/calreticulin cycle. When the first two glucose in the N-

linked core glycans have been processed by glucosidase I and II, the nascent 

glycoproteins are recognised by ER lectins, calnexin (CNX) and calreticulin 

(CRT). These glycoproteins are also recognised by ERp57 that catalyse 

disulphide formation in glycoproteins. When the third glucose residue is trimmed 

by glucosidase II, the complex dissociates. If the glycoproteins are not folded 

correctly, the oligosaccharides are reglycosylated by ER glucosyltrasferase and 

reassociates with CNX or CRT. Once the glycoproteins are correctly folded, it is 

no longer glucosylated and will be processed for ER removal by ERGIC-53. This 

figure is adapted from Helenius and Aebi, 2001.  

 

 

Figure 5.1 Calnexin/calreticulin cycle. When two the glucose in the N-linked core glycans have been processed by glucosidase I and II, the nascent 
glycoproteins are recognized and bind to calnexin (CNX) and calreticulin (CRT). During binding to the ER lectins, these oligosaccharides are also exposed 
to ERp57 that also binds to CNX and CRT. Presence of cysteines in the glycoproteins will lead to disulphide bonds that is catalyzed through the formation 
mediated by ERp57. Upon the third glucose residue is trimmed by glucosidase II, the complex dissociate. If the glycoproteins are not folded correctly, the 

oligosaccharides are reglycosylated by ER glucosyltrasferase and reassociates with CNX or CRT. Once the glycoproteins are correctly folded, it is no 
longer reglycosylated and will be processed for ER removal and is assisted by ERGIC-53. 
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Another major role of CALR in the cell is to regulate calcium (Ca2+) stores within 

the ER lumen (Pozzan et al., 1994). As Ca2+ ions cannot remain free in the ER 

lumen, various proteins are required for efficient mechanisms of storage. CALR, 

along with other ER-resident Ca2+ binding proteins such as CANX, BiP, GRP94, 

calumenin, reticulocalbins and calsequestrin, is able to act as a calcium sink by 

binding free Ca2+ (Coe and Michalak, 2009; Pozzan et al., 1994). 

 
Finally, in addition to its chaperone functions and calcium buffering activity within 

the ER, CALR has also been associated with numerous cellular processes 

occurring outside the ER (Burns et al., 1994; Dedhar et al., 1994; Coppolino et 

al., 1997; Bibi et al., 2011). CALR was shown to function as a modulator that 

bind to the DNA binding domain of glucocorticoid receptor and prevent 

subsequent binding to its glucocorticoid response element (Burns et al., 1994), 

as well as able to bind to androgen receptor and retinoic acid receptor to regulate 

its transcription factor activity (Dedhar et al., 1994; Coppolino et al., 1997; 

Holaska et al., 2002). CALR has also been demonstrated to play a critical role 

in facilitating the assembly of major histocompatibility complex (MHC) class I  

molecules (Gao et al., 2002; Wearsch and Cresswell, 2008), and has also been 

localised in other parts of the cell such as the outer cell surface, in the cytosol 

and in the extracellular matrix (ECM) and plays a role in cell adhesion, 

phagocytosis, migration, proliferation and wound healing (Gold et al., 2010; 

Johnson et al., 2001). Finally, CALR plays a role as a marker of phagocytosis as 

a facultative recognition ligand in apoptotic cells (Martins et al., 2010; Kuraishi 

et al., 2007; Ogden et al., 2001).  
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1.5.2 Structural Analysis of CALR Protein 

1.5.2.1 Overview of CALR and CANX Structure 

Biochemically, CALR protein is a 46 kDa protein that contains three highly 

conserved functional domains: (i) a globular N-domain that encompasses the 

key CALR enzymatic activities including chaperone activity, lectin binding and 

polypeptide binding (residues 18-197); (ii) a proline-rich P-domain (residues 198-

307) and (iii) a C-domain (residues 308-417) (Figure 1.5A). CALR also contains 

a 17 amino acid signal peptide domain at the N-terminus which is required for 

translocation into the ER during polypeptide synthesis. 

 

Early efforts to interrogate the structure of CALR heavily relied on the existing 

knowledge of its membrane-bound homologue CANX. CALR and CANX share 

similar domain structures, with the exception that CALR lacks a transmembrane 

domain and thus exists soluble within the ER lumen (Figure 1.5A). Pioneering 

crystallographic analysis of a fragment from CANX representing its lumenal 

domains (lacking the transmembrane domain and C terminus) was able to derive 

an atomic model for CANX with a 2.9Å resolution (Figure 1.5B) (Schrag et al., 

2001). It was revealed the lumenal portion of CANX was a highly asymmetric 

molecule with two distinct domains: a compact globular lectin domain that is 

essential for binding to glycans, and a flexible 145-residue long extended arm 

that stretched 140Å away from the globular domain which can hook around client 

proteins. The original crystal structure indicated that the extended P-domain 

hooked around another CANX protein and inserted into the adjacent protein’s 

lectin domain in an intermolecular interaction, but it is likely that these 

interactions reflect crystal packing forces and that the P domain is more likely to 
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interact with protein moieties within substrate proteins rather than with the glycan 

of an adjacent CANX molecule (Schrag et al., 2001). 

 

Structural data for CALR have been restricted to an NMR structure of the P-

domain derived from rat CALR, an X-ray crystallography structure of the CALR 

N-domain, and a cryo-EM reconstruction of CALR in complex with 6 other 

proteins as part of the human MHC-I peptide-loading complex (Figure 1.5C)  

(Blees et al., 2017; Ellgaard et al., 2001; Chouquet et al., 2011; Kozlov et al., 

2010). Overall, these studies reveal that the shape of CALR adopts a 

conformation that includes a prominent globular domain with an extended hook, 

similar to that seen with CANX.  In this section, I will discuss the insights gleaned 

from these studies on the structure of the wild-type CALR protein, with an 

emphasis on specific motifs within individual domains. 
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Figure 1.5 Structural model of calnexin and calreticulin. (A) Linear domain 

structures of calnexin and calreticulin feature similar structures consisting of a 

signal peptide (green), N-terminal globular lectin domain (purple), flexible P-

domain (blue) and C-terminal domain (orange). (B-C) 3D crystal model structure 

of calnexin (B) and calreticulin (C). The globular domain (purple) consists of a 

lectin motif that functions as an oligosaccharide binding site, a zinc binding 

domain and a DNA binding site. The P-domain has a high-affinity calcium binding 

site. The C-domain is a highly acidic region, has a high capacity calcium binding 

site and an ER retrieval signal, KDEL. The transmembrane domain of calnexin 

is shown in this model. 

 

 

Figure 5.3 A 3D crystal model structure of calnexin (A) and calreticulin (B). The globular domain (purple) consists of lectin motif that functions as an oligosaccharide 
binding site, zinc binding domain, chaperone activity and a DNA binding site. The P-domain with high-affinity calcium binding site calcium buffering site. The C-domain is 
a highly acidic region, high capacity of calcium binding site and an ER retrieval signal, KDEL. The transmembrane domain of calnexin is shown in this model. 

N domain P domain N TM C domain

Signal 
Peptide

Ca2+

Buffering
Chaperone 

activity

CALNEXIN

CALRwt

CALRdel52

A 

B C 



Chapter 1: Literature Review 

 - 32 - 

 

1.5.2.2 CALR N-domain 

Of the three CALR functional domains, the most is known about the N-domain. 

An X-ray structure of the human CALR N-domain has recently been resolved, 

and reveals that the N-domain adopts a highly structured globular domain 

characterised by a jelly-roll fold derived from one convex and one concave anti-

parallel beta sheets (Chouquet et al., 2011). In addition, the atomic modelling 

highlighted several critical features that are relevant for CALR activity. These 

include:  

 

 (i) Binding to monoglucosylated client glycoproteins during the engagement of 

the calreticulin-calnexin cycle is dependent on a highly conserved lectin 

motif. The lectin motif was found to reside on the surface of the globular 

domain (Leach et al., 2002). Based on the structure, essential residues in 

the lectin motif were C105 and C137 that were involved in the formation of 

a disulphide bridge; G107, Y109, Y128, M131, P134, D135 which were 

localised in the middle of this cluster; and K111, H145 and I147 on the edge  

(Chouquet et al., 2011). Follow-up mutational analysis of the carbohydrate-

binding region of CALR confirmed several specific residues such as Y109, 

K111, Y128 and D135 as being essential for lectin activity as their loss led 

to complete abrogation of oligosaccharide binding when mutated (Kapoor et 

al., 2004; Thomson and Williams, 2005) whereas other  residues such as 

M131, D317 and D160, were also involved in the lectin site of CALR but 

demonstrated weaker affinity towards trisaccharide and their loss had a 

partial effect on CALR oligosaccharide binding ability (Thomson and 

Williams, 2005). Further studies demonstrated that the lectin site was 
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essential in mediating interactions between CALR and many of its 

substrates, including MHC class I and glucocorticoid receptor (Del Cid et al., 

2010; Wearsch et al., 2011).  

(ii) A high affinity zinc (Zn2+) binding site in its N-domain defined by four histidine 

residues (H42, H99, H145 and H170) (Baksh et al., 1995; Chouquet et al., 

2011). Independent studies also revealed that the capacity to coordinate 

Zn2+ regulates the ability of CALR to suppress aggregation of non-

glycoproteins and protection against thermal inactivation (Saito et al., 1999; 

Guo et al., 2003). 

(iii) A patch of conserved residues comprised of D166, H170, D187 and W347 

with strong sequence conservation which suggests there is a possible 

association with important function. The activity of these residues in CALR 

activity remains unclear.  

 

1.5.2.3 CALR P-domain 

The P-domain consists of a proline-rich sequence that forms a flexible arm and 

contains a high-affinity binding site for Ca2+ and this arm is also known to 

associate to co-chaperones such as ERp57 (Michalak et al., 2009). Pioneering 

structural data of CALR have been provided through NMR structural analysis of 

its P-domain (Ellgaard et al., 2001). This central proline-core of the P-domain is 

characterised by a series of triplicate copies of repeated amino acid sequences 

that are arranged in a characteristic “111222” pattern (Ellgaard et al., 2001), 

suggesting that the structure exists as a hairpin fold involving the entire 

polypeptide chain stabilised by three anti-parallel beta sheets similarly seen in 

that of CANX. These repeats are thought to have weak lectin-like function, but 
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are likely to be more heavily involved in mediating protein-protein interaction to 

co-chaperones such as ERp57.  The P-domain also share sequence similarities 

to other known Ca2+ binding chaperones such a CALNUC and CANX (Bergeron 

et al., 1994; Lin et al., 1999) and has been previously demonstrated to be 

structurally similar to that of CANX, but is shorter since it consists of 3 proline-

containing modules (Pocanschi et al., 2011). 

 

1.5.2.4 CALR C-domain 

Finally, the C-domain contains a series of acidic amino acids (predominantly 

glutamic acid and aspartic acid) that enable low affinity, high capacity binding to 

Ca2+. The C-terminal tail also possesses the Lys-Asp-Glu-Leu (KDEL) sequence 

motif that allows targeting and retention of CALR in the lumen of ER. An in silico 

analysis of the wild-type C-domain reported that it possesses an isoelectric point 

(pI) of 3.98 and has a high probability of being structurally disordered (Shivarov 

et al., 2014). Given this intrinsic disorder, very little is known about the structure 

of the C-domain at atomic resolution.  
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1.5.3 Pathophysiology of calreticulin mutations in MPN 

As described above, CALR mutations in MPN are indel mutations that introduce 

a +1 frameshift in the CALR reading frame that leads to the creation of a mutant-

specific C-terminal tail (Figure 1.5A). In total, a minimal common mutant-specific 

tail of 36 amino acid is created in which the acidic amino acids in the wild-type 

C-terminus are replaced with basic amino acids in the mutant-specific C-

terminus.  

 

The first understanding of how mutant CALR (CALRdel52) engenders MPN was 

demonstrated using cytokine-dependent cell lines such as the Ba/F3 

lymphoblastoid cell line. Ba/F3 cells are normally dependent on exogenous 

cytokines (such as IL-3) for survival in culture, but can be prompted to survive 

and proliferate in cytokine-depleted conditions when over-expressing various 

MPN driver mutations.  Using this system, it was shown by multiple groups that 

CALRdel52 alone was insufficient to confer cytokine-independent growth of Ba/F3 

cells, but rather, CALRdel52 required the co-expression of the cytokine receptor 

MPL, suggesting synergy between these two genes in mediating cytokine-

independent growth (Chachoua et al., 2016; Araki et al., 2016; Elf et al., 2016). 

Moreover, MPL activation was associated with induction of constitutive STAT5 

activation (Chachoua et al., 2016). In contrast, other type I haematopoietic 

cytokine receptors such as EpoR and G-CSFR failed to support CALRdel52-

mediated oncogenic activity (Araki et al., 2016; Elf et al., 2016). These finding 

therefore demonstrated that CALRdel52 drives transformation via MPL and by 

activating the MPL-JAK2-STAT5 signalling axis (Figure 1.6) (Marty et al., 2016).  
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Figure 1.6 Possible mechanism of mutant CALR-mediated MPL activation 
and JAK-STAT signalling. Mutant CALR (red) requires the presence of both 

MPL and JAK2 to activate JAK-STAT signalling and oncogenic transformation. 

Multiple groups have also demonstrated that mutant CALR physically associates 

with the extracellular domain of MPL, an event that correlates with its 

transforming activity. Mutagenesis of C-terminus indicate that it is essential but 

is not sufficient by itself for oncogenic activity. Studies have showed that the 

lectin motif within the globular domain of CALR (inset) is critical for MPL binding 

and subsequent oncogenic transformation.  
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Next, attempts were made to understand the role of the novel mutant-specific C-

terminus of CALRdel52 in its transforming capacity (Elf et al., 2016; Araki et al., 

2016). Mutagenesis assays were performed that generated a panel of 

mutagenised versions of CALRdel52 where individual domains were deleted 

(Table 1.1) (Elf et al., 2016). This assay revealed four key findings. Firstly, 

complete truncation of the mutant-specific C-terminus resulted in an inability to 

confer cytokine-independence, suggesting that the mutant C-terminus was in 

fact essential for CALRdel52 transforming activity. Secondly, expression of the 

mutant-specific C-terminus alone was incapable of driving cytokine 

independence indicating that the C-terminus was necessary but not sufficient for 

transformation and that the N and/or P-domains of CALR were still necessary. 

Thirdly, removing successive 8-10 amino acid blocks of the mutant C-terminus 

failed to abrogate cytokine independent growth in any mutant analysed, which 

suggested that the transforming ability of CALRdel52 is not sequence specific. And 

fourthly, mutagenising all 18 basic K/R residues within the C-terminal tail to 

glycine abrogated CALRdel52 oncogenic activity, whereas mutagenising all non-

basic K/R residues did not affect oncogenic activity, suggesting that the 

oncogenic activity of CALRdel52 was due to the C-terminus’s positive electrostatic 

charge (Table 1.1). These data allow the conclusion that the dependence of 

CALRdel52 on the C-terminus for oncogenic activity is not sequence-specific, but 

rather based on a threshold of positively-charged residues. Moreover, this 

threshold of positively-charged residues likely cooperates with the N-domain in 

an unknown manner to engender cytokine-independence (Elf et al., 2016). 
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Table 1.1 Variations of mutant specific C-terminal domain of CALRdel52 

performed in study. Amino acid sequence highlighted in red are sequences 

specific to CALRdel52. + refers to ability to confer cytokine-independent growth; – 

refers to inability to confer cytokine-independent growth.  

 

 

Finally, attempts were made to understand the dependency of CALRdel52 on MPL 

for oncogenic activity. Pulldown experiments demonstrated that CALRdel52 and 

MPL directly interact in co-immunoprecipitation assays (Elf et al., 2016; Araki et 

al., 2016; Chachoua et al., 2016) and that this interaction required an intact lectin 

motif within the N-domain in addition to the positively-charged amino acids within 

the C-domain (Elf et al., 2018). Moreover, there was significant correlation 

between oncogenic transformation and MPL binding across the large panel of 

engineered versions of CALRdel52 encompassing alterations introduced in the N- 

and C-domains, which suggests that CALRdel52 binding to MPL is a necessary 

prerequisite event in order to activate it (Figure 1.6).  
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1.6 Overview of Thesis 
 

As mentioned, various studies have reported the significance of the mutant C-

terminal tail in the oncogenic activity of CALRdel52 to bind and induce activation 

of MPL. However, there are still numerous gaps in our understanding of the 

molecular pathology of CALRdel52, in particular, if other regions of CALR 

contribute to its oncogenic activity and if specific regions of MPL are essential in 

supporting its oncogenic activity.  

 

On the basis of these gaps in our understanding, the following thesis seeks to 

address three main hypotheses:  

(i) Specific regions of CALRdel52 (other than the mutant-specific C-terminus) 

contribute to its oncogenic activity; 

(ii) Specific regions of MPL are essential for transducing CALRdel52 oncogenic 

signalling; 

(iii) Structural and functional analysis of CALRWT and CALRdel52 proteins can 

provide important insights in the molecular pathology of CALRdel52 

 

Chapter 3 will discuss the results from an alanine mutagenesis screen where I 

identified two functional motifs essential for CALRdel52 activity: the lectin and zinc-

binding motifs. This chapter describes in detail the downstream functional 

assays that confirmed the initial findings from the alanine screen and identify the 

specific role of these residues in the oncogenic activity of CALRdel52, and 
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describe evidence that zinc homeostasis plays a role in CALRdel52 oncogenic 

activity. 

 

Chapter 4 investigates the role of canonical signalling of MPL in its ability to 

support CALRdel52-mediated cellular transformation. Moreover, important 

residues on MPL primarily involved in TPO and eltrombopag binding were also 

examined and their significance in CALRdel52 oncogenic activity was assessed.   

 

Chapter 5 describes in detail efforts to express and purify CALRWT and CALRdel52 

in E. coli. Furthermore, this chapter will also discuss preliminary structural 

studies of CALRdel52 following successful purification.  

 

Finally, Chapter 6 will summarise the work done for this thesis and discuss future 

work that should be undertaken to better understand the molecular pathology of 

CALRdel52 in MPN.  
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Chapter 2 
Materials and Methods 

 
2.1 Cell Lines and Tissue Culture  

HEK293T human embryonic kidney tissue epithelial cells were obtained from 

the American Type Culture Collection (ATCC) (DuBridge et al., 1987; Pear et 

al., 1993). HEK293T cells were maintained in Dulbecco’s Modified Eagle’s 

Medium (DMEM) (Lonza) supplemented with 10% Foetal Bovine Serum 

(FBS) (heat inactivated), 1% L-glutamine and 1% penicillin/streptomycin. 

293T cells were subcultured every 2-3 days. Briefly, cells were rinsed in 1x 

PBS, 1 mL of trypsin-EDTA solution (Sigma Aldrich) was added and 

incubated for approximately 5 minutes to allow cell detachment and seeded 

in fresh complete growth medium at a sub cultivation ratio of 1:10. Cells were 

grown at 37°C in 5% CO2.  

 

Ba/F3 cells are IL-3 dependent murine pro B cells and were a generous gift 

from Professor Tony Green (University of Cambridge). Ba/F3 cells were 

maintained in Roswell Park Memorial Institute (RPMI) 1640 medium (Sigma 

Aldrich) supplemented with 10% FBS, 1% L-glutamine, 1% 

penicillin/streptomycin and 10ng/mL recombinant murine IL3 (Peprotech). 

Ba/F3 cells were subcultured at a ratio of 1:7 every 2-3 days. Ba/F3 cells 

were grown in T-25 vented flask at 37°C with 5% CO2.  

 



Chapter 2: Materials and Methods 

 - 43 - 

Ba/F3-MPL cells are a derivative of Ba/F3 cells and were generated in-house 

by transduction of Ba/F3 cells with retroviruses expressing human MPL 

(hMPL) cDNA (described in Section 2.4). Following transduction, cells were 

cultured in the presence of 50 ng/mL recombinant human thrombopoietin 

(Peprotech) to select the hMPL-expressing cells.  

 

2.2 Drug Treatments 

N, N, N’ N’- tetrakis(2-pyridiylmethyl)ethylenediamine (TPEN) stock solutions 

were prepared by dissolving TPEN powder (Sigma Aldrich) in 99% ethanol. 

For TPEN treatment, Ba/F3-MPL cells were seeded into 6 well plates at a 

density of 1 x 105 cells per well, and various doses of TPEN from 0-10 µM 

were added directly to RPMI culture medium. The samples are collected at 

various time points for further analysis.  

 

2.3 Freezing and Thawing Cells 

Cells were stored for long-term storage at -80oC. Confluent cells were 

centrifuged at 450 x g for 5 minutes and the cell pellet was resuspended in 

1mL of freezing media. Freezing media for 293T cells are composed of 70% 

DMEM medium, 20% FBS and 10% DMSO. The freezing media for Ba/F3 

cells consists of 70% RPMI media, 20% FBS and 10% DMSO. The cells are 

then transferred into cryovials and placed into Mr. Frosty freezing container 

(Thermo Fisher Scientific) to allow a rate of cooling of -1°C/minute, the 

optimal rate for cell preservation. For cell thawing, the cryovials were thawed 

in gel bead bath at 37°C and were resuspended in pre-warmed media. Cells 
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were centrifuged at 450 x g for 5 minutes, and cell pellet was resuspended 

with fresh culture media and transferred into a cell culture flask, cultured in 

optimal conditions and allowed to recover. 

 

2.4 Lentiviral infection of Ba/F3 and Ba/F3-MPL cells 

Lentivirus generation was performed using HEK293T cells. HEK293T cells 

were seeded in 6 well dishes at a density of 1.5 x 105 cells/mL. After 24 hours, 

each well was transfected with a total of 2.5 µg plasmid DNA, which includes 

1.2 µg CALR cDNA in pLeGO-iV2 lentiviral vector backbone (Riecken, 2015) 

0.65 µg pVSV-G and 0.65 µg pPAX2, and mixed with 7.5 µL TransIT-LT1 

transfection agent (Mirius). DNA:cationic lipid mixture was incubated for 15 

minutes at room temperature and then added to HEK293T cells in a dropwise 

manner. Cells were incubated at 37oC for 5 hours and then subjected to a 

media change. Twenty-four hours post-transfection, conditioned media 

(containing viral supernatants) was collected, passed through a 0.22µm filter 

and used to transduce Ba/F3 or Ba/F3-MPL cells. For each transduction, 3 

x105 cells Ba/F3 or Ba/F3-MPL cells were  added into a well of a 6-well dish, 

combined with 1 mL of the viral supernatant, supplemented with 8 ng/mL 

polybrene and subjected to spin-infection at 1100 x g with slow acceleration 

and deceleration for 2 hours. After spin-infection, viral supernatant was 

removed and cells were grown in fresh media supplemented with appropriate 

cytokines for 24-48 hours prior to downstream applications.  
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2.5 Cytokine Withdrawal Assays 

To quantify cell proliferation following cytokine withdrawal, transduced Ba/F3 

or Ba/F3-MPL cells were washed three times with PBS to completely remove 

traces of cytokines and seeded in triplicate at a density of 2 x 105 cells/mL in 

complete RPMI media in the absence of cytokines.  

 

2.6 Cell Counting 

Cell viability of transduced Ba/F3-MPL cells following cytokine withdrawal 

were performed in one of 3 ways: (i) Trypan blue dye exclusion - cells were 

mixed with trypan blue solution (Sigma Aldrich) at a 1:1 ratio and cell numbers 

were counted under an inverted phase contrast microscope by a 

haemocytometer; (ii) MTT assay –  cells were aliquoted into 96-well microtitre 

plates to achieve a density of 1 x 105 cells/well. After 24 hours, culture 

medium was replaced with 100 μL (3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide (MTT) solution (5 mg/mL MTT diluted with 

phenol red-free IMDM media to achieve a final concentration of 1 mg/mL). 

After 3 hours incubation in 5% CO2 at 37°C, the remaining MTT media was 

aspirated, 100 μL isopropanol was added to initiate the formazan colorimetric 

reaction, and colour change was measured using BioRad plate reader at an 

absorbance of 570nm; (iii) flow cytometry – cell numbers were quantified 

using a CytoFLEX flow cytometer (Beckman Coulter) by measuring the 

number of events in a fixed volume analysed at day 3 versus day 0 counts 

(Figure 2.1). 
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Figure 2.1 Gating strategy for FACS acquisition and downstream 
analysis of cell counts. (A) Initial acquisition gate used to identify live cell 

population following collection of a fixed volume of 50 µL. (B) Second 

acquisition gate was used to identify and distinguish GFP+ cells within the live 

cell population. (C) Histograms depicting cell count in day 3 (top panel) 

versus day 1 (bottom panel).  
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2.7 Coimmunoprecipitation assays  

For CALR-MPL coimmunoprecipitation assays, 293T cells were first seeded 

at a density of 2 x 105 cells/mL in a 6 well plate overnight, followed by 

transfection with 1.25 µg of FLAG-tagged CALR variants in a pSPORT6 

backbone and 1.25 µg of pLeGO-iT2-hMPL using 7.5 µL of TransIT-LT1 

(Mirius). Mixtures were added to cells dropwise and were incubated for 24 

hours in 5% CO2 at 37°C. The next day, transfected 293T cells were 

harvested and washed with 1X PBS, pelleted and resuspended in 450 µL 

NP40 lysis buffer (20 mM Tris HCl pH 8, 137 mM NaCl, 2 mM EDTA 1% NP-

40 supplemented with protease inhibitors) and incubated on ice for 30 

minutes. The samples were centrifuged at 17000 g for 10 minutes at 4°C, 

and supernatant were retained for immunoprecipitation. For each sample, 50 

µL of Protein G magnetic beads (BioRad) was washed with IP Wash Buffer 

(PBS with 0.1% Tween-20) three times and combined with 1 µL FLAG M2 

antibody (Sigma Aldrich) and incubated for 15 minutes by gentle rotation at 

room temperature. Bead-antibody mixtures were then washed with IP Wash 

Buffer and applied to 400 µL lysate supernatants for 1 hour at room 

temperature with gentle rotation. Beads were washed on the Surebead 

magnetic bead system (BioRad), and washed beads were resuspended in 

100 µL of 1x SDS Laemmli buffer and eluted by incubating the beads for 10 

minutes at 70°C.  
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2.8 Western Immunoblotting 

Cells were harvested and washed with 1x PBS and lysed with 100 µL of 

RIPA+ buffer. Samples were incubated on ice for 30 minutes and centrifuged 

at 17000 g for 10 minutes and supernatants were then collected and 

transferred into a new microcentrifuge tube. The protein concentration was 

determined using a Bradford assay with BSA standards at known protein 

concentration ranging from 0.5-4 mg/mL. The samples are measured in 

triplicates and absorbance is measured using the spectrophotometer plate 

reader at 595 nm. Proteins were readied for loading by addition of sufficient 

quantities of 2X SDS Laemmli buffer (Biorad). The samples were boiled at 

95oC for 10 minutes and stored in -20oC until required.  

 

Protein samples were subjected to SDS-PAGE on a 10% polyacrylamide gel 

for 90 minutes at 100V or until the proteins reach the end of the tank. Proteins 

were then transferred to nitrocellulose membrane (Amersham) using the 

Trans-blot Turbo transfer system (Biorad) for 30 minutes. The membranes 

were stained with Ponceau S to ensure efficient protein transfer. Membranes 

were blocked using 5% skimmed milk in 1x PBST (PBS supplemented with 

0.05% Tween-20) at room temperature for 1 hour. The membranes were 

incubated with appropriate antibodies overnight at 4°C (See Table 2.1 for all 

antibodies used). The membranes were washed three times with PBST, then 

incubated with the appropriate secondary antibodies for 1 hour at room 

temperature, washed three times PBST, and blots were visualised using 

SuperSignal West Pico ECL Plus Chemiluminescent substrate kit (Thermo 

Fisher Scientific) according to the manufacturer’s instructions. The blots were 
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exposed using Image Lab. Analysis of the blots were performed using Image 

Lab software. 

Antibody Catalogue 
Number 

Dilution Species Company 

Calreticulin 
(D3E6) XP 12238 1:1000 Rabbit CST 

Calreticulin  PA3-900 1:1000 Rabbit Invitrogen,  
Mutated 
Calreticulin 
(CAL2) 

DIA-CAL-
250 

1:1000 Mouse Dianova 

FLAG  F1804 1:1000 Mouse Sigma 
FLAG  SAB4301135 1:1000 Rabbit Sigma 

b-actin A1978 1:10000 Mouse Sigma 

MPL (CD110) 
562137 

1:1000 Mouse BD 
Biosciences 

V5  13202 1:500 Rabbit CST 
6-His 906110 1:1000 Mouse BioLegend 
Phospho-Stat5 
(Tyr694) 
(D47E7) 

4322 1:1000 Rabbit CST 

Phospho-Stat5 
(Tyr694) 
(C11C5) 

9359 1:1000 Rabbit CST 

Stat5  9363 1:1000 Rabbit CST 
Phospho-Stat3 
(Tyr705) (D3A7) 

9145 1:1000 Rabbit CST 

Stat3 (124H6)  9139 1:1000 Mouse CST 
Anti-rabbit IgG, 
HRP-linked  

7074S 1:5000 Goat CST 

Anti-mouse IgG, 
HRP-linked 

7076S 1:5000 Horse CST 

 

Table 2.1 Antibody Table. Details of sources and concentrations of 

antibodies used for immunoblotting in this study.  Abbreviations: CST, Cell 

Signalling Technology; HRP, horse radish peroxidase 

 



Chapter 2: Materials and Methods 

 - 50 - 

2.9 Intracellular Phosphoprotein Flow Cytometry Analysis 

Ba/F3-MPL cells expressing CALR variants were starved of cytokines for 4 

hours.  Harvested cells were transferred into flow tubes and washed with 

FACS Buffer (1X PBS + 2% FCS) twice to remove residual RPMI media and 

centrifuged at 750 x g for 5 minutes. Fixation and permeabilisation of cells 

were performed using Fix&Perm Kit (Nordic MUbio, GAS-002-1). These cells 

was fixed with 100 µL of reagent A (fixation medium) and incubated for 15 

minutes at room temperature and washed with 5 mL of FACS Buffer by 

centrifuging for 5 minutes at 750 x g and discarding supernatant. The fixed 

cell pellet was resuspended with reagent B (permeabilisation medium) and 5 

µL each of PE Mouse anti-Stat3 (pY705) and Alexa Fluor 647 anti-Stat5 

(pY694) (BD Biosciences Phosphoflow). Staining was carried out for 1 hour 

at room temperature in the dark. Cells were washed after staining using the 

FACS Buffer, resuspended in 500 µL of FACS Buffer and analysed using a 

CytoFLEX flow cytometer (Beckman Coulter). Data analysis was performed 

with CytExpert V2.2 (Figure 2.2).  
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Figure 2.2 Gating strategy for FACS acquisition and downstream 
analysis of intracellular phosphoflow STAT3 and STAT5 signalling. (A) 

Initial acquisition gate used to identify live cell population following collection 

of a fixed volume of 50 µL. B) Second acquisition gate was used to identify 

and distinguish GFP+ cells within the live cell population. (C) Histograms 

showing cell count in day 3 (top panel) versus day 0 (bottom panel).  
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2.10 Annexin and Propidium iodide Staining 

Ba/F3-MPL expressing CALR variants cells were collected into flow tubes 

and centrifuged for 5 minutes at 750 x g. Cells were washed with FACS Buffer 

and centrifuged for 5 minutes. The pellet was resuspended in 500 µL Annexin 

V binding buffer and centrifuged for 5 minutes. Annexin V-specific antibody 

(Biolegend), RNase A and propidium iodide (PI) were added to the cell 

suspension and incubated on ice for 15 minutes in the dark, followed by 

analysis on the CytoFLEX flow cytometer (Figure 2.3) 

 

2.11 Site Directed Mutagenesis 

Site-directed mutagenesis was performed using the Q5 Site-Directed 

Mutagenesis Kit (New England Biolabs) according to manufacturer’s 

protocols. Briefly, the following reagents were assembled in a thin-walled 

PCR tube for exponential amplification of the template DNA: 1X Q5 Hot Start 

High-Fidelity 2X Master Mix, 0.5µM forward primer, 0.5µM reverse primer, 10 

ng template DNA and nuclease-free water. The reagents were then 

transferred into a thermocycler. The following thermocycling setup was used: 

initial denaturation 98°C for 30 seconds, 25 cycles at 98°C for 10 seconds 

50-72°C for 10-30 seconds, 72°C 30 seconds, final extension at 72°C and 

hold at 4°C. Next, the following reagents were assembled for Kinase, Ligase 

and DpnI (KLD) treatment: 1µL PCR product, 1X KLD reaction buffer, 1X KLD 

enzyme mix and nuclease free water. The mixture was incubated at room 

temperature for 1 hour. The KLD mixture was added to competent E. coli cells 

and incubated on ice for 30 minutes. The sample was heat shocked at 42°C 
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for 30 seconds and was placed on ice for 5 minutes. Super optimal broth 

(SOC) media was added into the mixture and incubated at 37°C for 1 hour 

with shaking. The mixture was spread onto a selection plate (LB agar with 

Ampicillin (Sigma Aldrich) and placed in a plate incubator overnight at 37°C. 

At least 3 colonies were picked per sample the following day and transferred 

into 2 mL of LB with Ampicillin and incubated with shaking overnight. The 

plasmid DNA was purified using QIAprep Spin Miniprep Kit (Qiagen). DNA 

was quantified using Nanodrop 8000 spectrophotometer (Thermo Fisher 

Scientific) and sent for sequencing to confirm if mutagenesis was successful. 

 

2.12 Confocal Microscopy  

293T cells were seeded into 35 mm, high, µ-Dish with an ibidi polymer 

coverslip bottom and were incubated overnight at 37°C. Transient co-

transfection of pSPORT6 mCherry-CALR variant-FLAG with psMSCV-GFP-

MPL was performed. Following 24 hours post-transfection, the cells were 

gently washed with 1X PBS and resuspended with phenol free DMEM culture 

medium. The cells were imaged using Zeiss LSM 880 inverted confocal 

microscopy. A pinhole of 0.8 airy unit (AU) was used to enhance the 

resolution. The objective used are Plan-Apochromat 20x/0.8 and Plan-

Apochromat 40x/1.4 Oil DIC. FRET was measured by exciting sample at 

donor excitation of 488 nm and measuring the acceptor excitation 

absorbance at 610 nm. FRET intensity was calculated by using sensitised 

emission. 
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Figure 2.3 Gating strategy for FACS acquisition and downstream 
analysis of cell cycle. (A) Initial acquisition gate used to identify live cell 

population by 10000 events. (B) Second acquisition gate was used to exclude 

clumps and doublets by using propidium iodide (PI) fluorescence. (C) 

Identification of debris (purple), aggregates (green), G1 (red), S (stripe) and 

G2/M phase (red).  
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2.13 Zinc binding assay 

Cell lysates were prepared in NP40 lysis buffer (as described in Section 2.7) 

and applied to zinc chelating resin (G Biosciences) and incubated with 

rotation for 20 minutes at room temperature. The resin was centrifuged for 5 

minutes, and resuspended with elution buffer with mechanical rotation for 5 

minutes. The resin was pelleted by centrifugation for 5 minutes and 

supernatant (which contains the zinc-bound fraction) was collected and 

retained for SDS-PAGE. 2x SDS-loading buffer was added to supernatant at 

a 1:1 ratio, and the mixture was boiled in 70°C for 10 min. Samples were then 

analysed using SDS-PAGE and western blotting.  

 

2.14 Cloning of CALR cDNA into pOPIN vectors 

For cloning of CALR cDNA into the pOPIN vector, NEBuilder HiFi DNA 

assembly (New England BioLabs) was used. The cloning reaction was set up 

in a 5:1 ratio of insert vector and pOPIN vector. 10 µL HiFi DNA assembly 

master mix was added to DNA mixtures and incubated at 50°C for 1 hour. 

The cloning reaction was used to transform competent DH5a cells and 

colonies were picked following overnight incubation into LB agar 

supplemented with kanamycin and chloramphenicol (Sigma Aldrich). Plasmid 

DNA was purified using QIAprep Spin miniprep kit (Qiagen) and quantified 

using Qubit 4 Fluorometer (Thermo Fisher Scientific) for fluorometric 

quantification. The plasmid DNA were submitted for DNA sequencing to 

check if cloning was successful.  
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Confirmation of successful cloning was performed using two methods: (i) 

Diagnostic restriction digest was performed to analyse the plasmid DNA. The 

reagents were assembled into an Eppendorf tube: NEB Cutsmart buffer (2 

µL), NEB NcoI (0.5 µL), NEB HindIII (0.5 µL), 10 µL of plasmid DNA and 

nuclease free water. The samples were incubated at 37°C in a water bath for 

1 hour. Following the restriction digest, the samples were analysed on 1% 

agarose gel using gel electrophoresis. (ii) Diagnostic PCR was performed 

using 10 µM CALR forward primer (0.5 µL, 10 µM CALR reverse primer (0.5 

µL), 1X OneTaq Quick-Load Master Mix with standard buffer (12.5 µL) , 2 µL 

plasmid DNA and nuclease free water for a total reaction volume of 20 µL. 

Veriti PCR machine was used using pre-programmed Q5 settings with the 

following parameters: 1 cycle of initial denaturation (98°C), 30 cycles of 

denaturation (98°C), annealing (60°C), elongation (72°C), final extension 

(72°C) and 1 cycle on hold (4°C). 

 

2.15 Small scale protein purification  

Small scale expression screening was performed using Promega MagneHis 

purification system (Promega) to screen clones for recombinant CALR 

protein expression. The plasmid DNA were introduced into various E. coli 

bacterial expressing cells, namely, BL21 (DE3) (New England Biolabs), BL21 

(DE3) pLysE (Sigma-Aldrich), BL21 (pLysS) (Promega), NiCo21(DE3) (New 

England Biolabs), Lemo21 (DE3) (New England Biolabs), BL21 Rosetta 

(DE3) (Merck), Rosetta-Gami2 (DE3) pLysS (Merck), ArcticExpress (DE3) 

(Agilent) and BL21 Rosetta2 (DE3) (Merck) and cultured on LB-agar plates 
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supplemented with ampicilli  and chloramphenicol. Individual colonies were 

plucked and expanded in LB media in 24-well plates with ampicillin and 

chloramphenicol. Once the OD600 reached 0.6, 0.1M IPTG was added and 

incubated at 18°C and 25°C with shaking at 220 RPM (MaxQ8000 

incubators) overnight.  

 

Following the overnight growth, the 24-well plates were centrifuged at 4000 

g for 10 minutes and culture media was discarded. An automated MagneHis 

protocol program to run a standard protein purification protocol based on the 

manufacturer’s protocols was performed using the Hamilton robot, which 

involved five steps: MagneHis Particle Dispense, Cell Pellet 

Resuspension/Lysis, Protein binding to MagneHis Ni-Particles, Washes and 

Elution (Promega Corporation, 2019). At the conclusion of the purification, 2x 

protein loading dye was added to the various eluted proteins and ran using 

Biorad 10% SDS-Page gels for 200V for 45 minutes. The gels were then 

stained in InstantBlue Coomassie protein stain (Expedeon) for 1 hour. Gels 

were imaged using Syngene G:Box Chemi XRQ (Syngene). If necessary, 

western immunoblotting was also performed using CALR-specific or His tag-

specific antibodies to identify bands. 

 

2.16 Large scale protein purification  

pOPIN-CALRWT plasmids were propagated in Rosetta cells, while pOPIN-

CALRdel52 plasmids were propagated in Rosetta 2 cells. A single colony was 

expanded into a 3 mL starter culture of LB with ampicillin (100µg/mL) (Sigma 
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Aldrich) and chloramphenicol (34µg/mL) overnight at 37°C with shaking at 

220 RPM. The culture was then transferred into 100 mL culture and grown 

overnight, followed by inoculating 1L cultures. These cultures were grown at 

37°C with shaking at 180 RPM until the OD600 reaches ~0.6. The cultures 

were then induced with 0.1M IPTG  per mL (Sigma Aldrich) of culture (4 mL 

of IPTG per 1L of culture) and then grown at 18°C for 12 hours. The cells 

were centrifuged at 4000 g for 30 minutes at 4°C, the media was discarded 

and the pellet was resuspended in 20 mL Low Salt Buffer (50 mM Tris pH 

7.6, 300 mM NaCl, 20 mM imidazole, 5% v/v glycerol, 0.075% b-

mercapethanol, supplemented with protease inhibitor EDTA free (1 mg) and 

30 mg of lysozyme) per litre of the original culture. The bacterial lysate was 

incubated on ice for 20 minutes with an end-to-end mixing. The samples were 

then sonicated for 30 seconds on and 60 seconds off at 30%, and then 

subjected to a cell disrupter until samples were at a good consistency. The 

samples were then centrifuged at 35000 g for 45 minutes at 4°C. The 

supernatant was pooled together and stored in 4°C.  

 

2.17 Affinity Chromatography 

Large scale purification was performed using AKTA pure purification system 

(GE Healthcare Life Sciences). The standard methodology for large scale 

purification was performed following CIP process: capture, intermediate 

purification and polishing. The capture step was performed by affinity 

chromatography using a Nickel column to capture His-tagged proteins. The 

column used was a nickel-charged IMAC column for high resolution his-
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tagged protein purification with high binding capacity for maximised recovery.  

AKTA setup involved following pre-programmed standardised method.  

Sample application was performed using sample pump at a rate of 1 

mL/minute. The column was washed with 5 column volumes of Low Salt 

buffer, 5 column volumes of High Salt Buffer (50 mM Tris pH 7.6, 500 mM 

NaCl, 20 mM imidazole, 5% v/v glycerol, 0.075% b-mercapethanol), and 5 

column volumes of Low Salt Buffer. The samples were eluted using His 

Elution Buffer (50 mM Tris pH 7.6, 300 mM NaCl, 400 mM imidazole, 5% v/v 

glycerol, 0.075% b-mercapethanol) at a gradient elution. The column is then 

washed and stored in 70% ethanol at 4°C.  

 

2.18 Ion Exchange Chromatography 

Ion exchange chromatography was carried out using a HiTrap Q HP anion 

exchange chromatography column (GE Life Sciences). The following pre-

programmed method was used on the AKTA pure purification system: sample 

prime and pump washes, equilibration to prepare the column to the desired 

start conditions, sample application and wash using a sample pump, elution 

in HEPES elution buffer (50mM HEPES, 150 nM NaCl, 1 µM TCEP) whereby 

the proteins will be released from the ionic exchanger by a change of buffer 

pH from 7.5 to 4, and a final regeneration step to remove all proteins still 

bound to the column.  
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2.19 Size Exclusion Chromatography 

Size exclusion chromatography was performed using the HiLoad 26/600 

Superdex 200 prep grade column (GE Healthcare Life Sciences). The column 

was primed and equilibrated prior to use to ensure that the desired buffer fills 

the entire column. The sample is injected manually and the pre-programmed 

method for gel filtration.  

 

2.20 GST Cleavage 

GST cleavage was performed both manually and by AKTApure. For the 

cleavage using AKTA pure, the following method was used: sample 

application using a sample pump, unbound samples were washed off and the 

3C-His protease was injected into the column and incubated for 12 hours at 

4°C. Following incubation, 5 column volumes of PBS was used to wash the 

column, and His elution buffer was applied to elute the protease and any 

uncleaved samples. A final elution using elution buffer containing glutathione 

was applied into the column to elute the GST tag and any uncleaved samples 

still present within the column. Manual cleavage followed a similar principle 

using GST Pierce Glutathione Agarose (Thermo Fisher Scientific). The GST 

agarose beads were washed and equilibrated with the PBS for 5 minutes and 

incubated at 4°C with end-to-end mixing. The beads were then centrifuged at 

500 g for 5 minutes at 4°C. This was repeated twice. Purified GST fusion 

protein samples were applied and incubated for 4 hours with an end-to-end 

mixing to allow binding to GST beads. The 3C-His protease was then added 

and incubated for 12 hours. Samples were washed with PBS and centrifuged 
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for 5 minutes at 500 g and at 4°C to elute the cleaved proteins. His Elution 

Buffer was then added into the sample and incubated for 1 hour to allow the 

remaining protease to elute. The samples were then centrifuged for 5 minutes 

at 500 g, the supernatant was collected, GST elution buffer added into the 

solution and incubated for 1 hour to elute the GST tag and residual uncleaved 

proteins still bound to the bead. This is then centrifuged for 5 minutes at 500 

g to pellet the bead.  

 

2.21 Negative EM staining  

Grids for electron microscopy were kindly provided by the staff of the FBS 

Electron Microscopy unit. A Cressington glow discharge unit was used to 

perform the glow discharge to transfer negative charge onto the carbon of the 

grid that renders the surface hydrophilic. A 1% solution of uranyl acetate was 

used to negatively stain the protein samples. Staining was performed using 

a single droplet method. In brief, 5 µL of the protein of interest was dropped 

onto the grid and incubated for 5 minutes to allow the proteins to stick to the 

grid. All samples examined were quantitated prior to application onto grids, 

and had a concentration of >0.2µg/mL. The grid was carefully washed with 

10 µL of distilled water to remove unbound samples 5 times. Next, 5 µL of 

uranyl acetate stain was carefully applied onto the grid and incubated for 1 

minute, and any excess stain was removed using a wedge of a filter paper. 

The stained grid was then left to air dry prior to imaging. Negative stain 

imaging  was performed using a FEI Tecnai G2-spirit with an electron source 

of Lab6. The camera used is Gatan Ultra Scan 4000 CCD, voltage of 120 
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KeV and the software was Digital Micrograph (DM) with a Cs of 6.3 mm. The 

screen down nominal mag used during imaging is 26.5 with a screen up 

nominal mag of 30 (kx) and a pixel size of 0.37 nm (EM Facility). Each 

micrograph has an image size of 3.74 A.  

 

2.22 Negative EM staining image analysis 

Electron micrographs were saved as a .dm3 file and were converted into .mrc 

file prior to processing into RELION 3.0 software. The fbsdpcu058 and absl-

wkstn04 was used a local GPU machine to access the RELION software.  

Sample analysis was performed using the work flow described in Table 2.2. 

 

2.23 Biological replicates and statistical analysis 

All experiments were performed throughout this thesis have at least one 

replicate. All figures in Chapter 3 were representative of three independent 

experiments. Statistical analysis used throughout this thesis is a student’s t-

test.  
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Table 2.2 Summary of the negative stain EM analysis work flow.

• Convert .dm3 to .mrc
module load imod
2proc2d.py *.dm3 @.mrc

• Launch relion and import micrographs
module load relion
Import tab, on I/O tab:
Input files: micrographs/*.mrc
Node type: 2D micrographs/tomograms (.mrc)

• CTF estimation 
On I/O tab:
Input micrographs STAR file: job01/micrographs.star
Use micrograph dose-weighting: No
Spherical aberration (mm): 2.7 Voltage (kV): 120, amplitude contrast: 0.1, magnified 

pixel size (Angstrom): 3.74, amount of astigmatism (A): 100
On Searches tab:
FFT box size (pix): 512, min. resolution (A): 30, max. resolution (A): 7.1, min. defocus 

value: 5000, max. defocus value: 50000, defocus step size: 500
On Gctf tab:
Use Gctf instead: Yes, Gctf executable: wherever_it_is, ignore ‘searches’ parameters: 

Yes, perform equi-phase averaging: Yes

• Manual pick
On I/O tab:
Input micrographs: job02/micrographs_ctf.star
On Display tab:
Particle diameter (A): 100, scale for micrographs: 0.2, sigma contrast, 3, white value: 
0, black value: 0, low pass filter (A): 20, highpass filter (A): -1, pixel size (A): -1, Pick-
start-end coordinate helices: No, Scale for CTF images: 1 

Particle 
extraction

• Particle Extraction
On I/O tab:
Micrograph STAR file: job03/micrographs_ctf.star, input coordinates: 
job03/cords_suffix_manual_pick.star, OR re-extract refined particles?: No
On extract tab:
Particle box size (pix): 80, invert constrast? No, Normalise particles? Yes, diameter
background circle: -1, stdev for white dust removal: -1, stdev for black dust removal: -
1, rescale particles? No

2D
Classification

• 2D Classification 
On I/O tab:

Input images STAR file: extract/particles.star
On CTF tab:
Do CTF-correction? Yes, have data been phase-flipped? No, ignore CTFs until first

peak? No
On optimization tab: 
Number of classes: 50, regularization parameter T: 2, number of iterations: 25, use fast 

subsets? Yes, mask diameter (A): 250, mask individual particles with zeros? Yes, 
Limit resolution E-step to (A): -1

On Sampling tab:
Perform image alignment? Yes, in-plane angular sampling: 6, offset search range (pix): 

5, offset search step (pix): 1, 
On compute tab:
Use parallel disc I/O: Yes, number of pooled particles: 5000, pre-read all particles into 

RAM? Yes, combine iterations through disc? No, use GPU acceleration? Yes

Manual picking

CTF estimation

Launch RELION
and import

micrographs

Data Conversion

3D Initial 
Model

• 3D Initial Model
On I/O tab:

Input images STAR file: 2D_class/particles.star
On CTF tab:
Do CTF-correction? Yes, have data been phase-flipped? No, ignore CTFs until first 

peak? No
On optimization tab: 
Number of classes: 4, Mask diameter (A): 250, flatten and enforce non-negative 

solvent? Yes, symmetry: C1, initial angular sampling: 15 degrees, offset search 
range (pix): 6, offset search step (pix):2

On SGD tab:
Number of initial iterations: 50, number in between iterations: 200, number of final 

iterations: 50, write-out frequency: 10, initial resolution (A): 35, final resolution (A): 15, 
initial mini-batch size: 100, final mini-batch: 500, 

On computer tab:
Use parallel disc I/O? Yes, number of pooled particles: 5000, skip padding: No, pre-

read all particles RAM? Yes
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Chapter 3 
Zinc dependent homomultimerisation of mutant calreticulin 

is required for MPN pathogenesis 

3.1 Introduction  

Recurrent somatic mutations in the CALR gene have been found in 25-30% 

of ET and MF patients, and represent the most commonly affected gene in 

JAK2/MPL-unmutated MPN patients (Klampfl et al., 2013; Nangalia et al., 

2013). CALR encodes calreticulin, an ER-resident calcium-binding 

chaperone that transiently associates with nascent unfolded proteins to assist 

with protein folding and regulate cellular proteostasis (Peterson et al., 1995). 

Wild-type CALR is comprised of three conserved functional domains: (i) the 

N globular domain that consists of lectin-, polypeptide- and zinc-binding 

motifs and is essential for CALR chaperone activity; (ii) a proline-rich P-

domain that forms as an arm-like hairpin that binds to co-chaperones such 

as ERp57; and (iii) a highly acidic C-terminal tail that consists of negatively 

charged amino acid residues responsible for calcium buffering activity and 

contains an ER-retention signal sequence (KDEL) (Figure 3.1) (Michalak et 

al., 1999). MPN-associated CALR mutations are a heterogeneous set of indel 

mutations that result in a +1 bp frameshift that generates a novel C-terminal 

tail of 36 amino acids encoded in an alternative reading frame, with the most 

common mutations being a 52-bp deletion (type I; L367fs*46) and a 5-bp 

insertion (type II; K385fs*47) (Klampfl et al., 2013; Nangalia et al., 2013). The 

mutant-specific C-terminus replaces most of the negative-charged amino 
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acids of the wild-type protein with a preponderance of positively-charged 

arginine (R) and lysine (K) residues. 

Figure 3.1 Domain structure of calreticulin. CALR comprise of three 

domains: signal sequence peptide (green), globular N-domain (purple), 

flexible P-domain (blue), terminal C-domain (yellow). CALR 52bp deletion or 

5bp insertion mutations introduce a positively charged novel C-domain.  

 

Multiple studies have now provided direct links between mutant CALR 

(CALRdel52) and the MPL-JAK2 signalling axis. An important pathognomonic 

feature of all MPN driver mutations is the ability to confer cytokine-

independent growth. Multiple studies have reported that expression of 

CALRdel52 confers cytokine-independent growth in conjunction with increased 

JAK-STAT signalling in Ba/F3 and UT7 cell lines co-expressing the 

thrombopoietin receptor MPL, but not EPO receptor or GM-CSF receptor 

(Chachoua et al., 2016; Elf et al., 2016; Araki et al., 2016). In addition, 

consistent with an essentiality of MPL in mediating CALRdel52-associated 

disease, CALRdel52 was unable to induce MPN-like disease in mice lacking 

Mpl or Tpo (the ligand for Mpl) (Marty et al., 2016). Finally, multiple groups 

Signal
Peptide Chaperone Activity Calcium Binding

N domain P domainCALRWT C domain

N domain P domainCALRMUT C domain
+ + +

C-TerminusWT QDEEQRLKEEEDKKRKEEEEAEDKEDDEDKDEDEEDEEDKEEDEEEDVPGQAKDEL
C-Terminusdel52 L367fs*46 QDEEQR---------------------------TRRMMRTKMRMRRMRRTRRKMRRKMSPAQRPRTSCREACLQGWTEA
C-Terminusins5 K385fs*47 QDEEQRLKEEEEDKKRKEEEEAEDRRMMRTKMRMRRMRRTRRKMRRKMSPAQRPRTSCREACLQGWTEA
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have reported that CALRdel52 physically associates with the extracellular 

domain of MPL, an interaction that correlates to its transforming activity 

(Chachoua et al., 2016; Elf et al., 2016; Araki et al., 2016). Cumulatively, 

these data lead to the hypothesis that CALRdel52 physically interacts with MPL 

to promote its inappropriate activation. 

 

Domain swapping studies have elucidated crucial features of CALRdel52 

essential for its oncogenic activity. Firstly, it was demonstrated that the 

capacity of CALRdel52 to confer cytokine-independent growth and to bind MPL 

was critically dependent on the mutant-specific C-terminus’s positively-

charged nature, as mutagenising all 18 K/R residues within the C-terminal tail 

to glycine residue abrogated CALRdel52 oncogenic activity (including 

conferring cytokine-independence, activating JAK-STAT signalling, and 

binding to MPL), whereas mutagenising all non-K/R residues did not affect 

oncogenic activity (Elf et al., 2016). Secondly, neither the N-domain nor the 

mutant-specific C-domain in isolation had the ability to confer cytokine-

independent growth (Araki et al., 2016; Elf et al., 2018). And thirdly, a (Araki 

et al., 2016; Elf et al., 2018)(Araki et al., 2016; Elf et al., 2018)(Araki et al., 

2016; Elf et al., 2018)(Araki et al., 2016; Elf et al., 2018)(Araki et al., 2016; 

Elf et al., 2018)(Araki et al., 2016; Elf et al., 2018)specific region within the N-

domain of CALRdel52 – namely, its lectin motif - were identified as being 

required for CALRdel52 oncogenic activity (Araki et al., 2016; Elf et al., 2018). 

Cumulatively, these data suggest that the mutant C-terminus is necessary 

but not sufficient for transformation, and that the N-domain of CALRdel52 could 

play a significant contributory role in its oncogenic activity. However, the 
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manner(s) by which the N-domain contribute to CALRdel52 oncogenic activity, 

have not been clarified fully. 

3.2 Aims and Hypothesis 

 
There is significant evidence that the N-domain of CALRdel52 contributes to its 

transforming ability. I therefore hypothesise that key residues within the N-

domain (that are associated with specific CALR functionalities) are essential 

for CALRdel52 oncogenic activity and can be uncovered using a mutagenesis-

based strategy. In this chapter, I will describe results associated with these 

aims: 

 

I. Perform alanine screening of the CALRdel52 N- domain to identify 

candidate residues that are critical for CALRdel52 functionality; 

 

II. Functional validation of identified N-domain residues, including testing 

whether candidate residues are essential for abrogation of known CALRdel52 

oncogenic functionalities such as ability to confer cytokine-independent 

growth of Ba/F3-MPL cells, activation of JAK-STAT signalling and binding to 

MPL. 
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3.3 Results 

 

3.3.1 Alanine mutagenesis screen identified residues in the CALRdel52 
N-domain essential for oncogenic activity 

 
In collaboration with A. Baral and R. Smyth in the lab, a comprehensive 

alanine mutagenesis screen was performed for the entire N-domain of 

CALRdel52 encompassing residues 18-197 (excluding residues 1-17 which 

comprise the signal peptide and 3 alanine residues). Each individual alanine-

mutant was confirmed by Sanger sequencing (data not shown), and 

subsequently assessed for the ability to confer cytokine independent growth 

in Ba/F3-MPL cells. Ba/F3-MPL cells were lentivirally transduced with 

CALRdel52 alanine-variants and the number of cell divisions was assessed 3 

days post-hTPO withdrawal. Analysis of all 177 alanine-mutants revealed 

that the majority of the single-residue alanine mutants were unaffected in their 

ability to confer cytokine-independent growth (Figure 3.2). In total, only 9 

residues out of 177 were identified which, when mutated, affected the 

capacity for cytokine-independent growth by a factor greater than one 

standard deviation away from the mean. These residues were put forward for 

further analysis.  

 

Four residues (Cys105, Lys111, Gly133 and Asp135) were identified which, 

upon mutation, resulted in the complete impairment of the ability of CALRdel52 

to confer cytokine independence. These residues have previously been 

implicated in the lectin motif of wildtype CALR (Chouquet et al., 2011), and 

Asp135 has previously been shown to be required for CALRdel52 oncogenic 
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activity (Elf et al., 2018; Chachoua et al., 2016). Quantitation of cell growth 

using a time-course confirmed that loss of Cys105, Lys111, Gly133 and 

Asp135 resulted in total impairment in the ability of CALRdel52 to confer 

cytokine independence (Figure 3.3, left panel), which was associated with 

decreased levels of phosphorylated STAT3 and STAT5 as assessed by 

intracellular flow cytometry (Figure 3.4A) and western immunoblotting 

(Figure 3.4B). Moreover, FLAG pulldown assays showed that these 

CALRdel52 alanine mutants lost the ability to bind directly to MPL in 293T cells 

(Figure 3.5), consistent with previous theories that MPL binding correlated 

with cytokine-independence. 

 

In addition to these four residues, two additional residues (Tyr109 and 

Tyr128) that have also been implicated in lectin activity exhibited only a partial 

effect on conferring cytokine independence when mutated (Figure 3.3, right 

panel), with no significant difference on STAT3 and STAT5 phosphorylation 

(Figure 3.4A-B) and MPL binding (Figure 3.5) when compared with 

CALRdel52. Furthermore, other residues also implicated in the wildtype 

calreticulin lectin activity (Met131, Cys137 and Ile147) had no significant 

effect on cytokine independent growth (Figure 3.3). These data agree with 

previous findings that the lectin motif of CALRdel52 is essential in facilitating 

MPL binding, but suggests that different residues within the lectin motif could 

have differential effects in facilitating CALRdel52 binding to MPL. 
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Figure 3.2 Alanine screening mutagenesis identified essential CALRdel52 
residues involved in the ability to confer cytokine independent growth.  

Three histidine residues (H99, H145 and H170) (shown in red) associated with 

zinc binding motif when mutated was partially impaired their ability to grow 

following cytokine withdrawal. Residues associated with lectin motif 

demonstrated either complete abrogation (C105, K111, G133, D135) or partial 

abrogation (Y109, Y128) (shown in gold) to confer cytokine independent 

growth. Named residues were repeated three independent times for 

validation. The data in this figure were generated in collaboration with A. Baral 

and R. Smyth. 
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Figure 3.3 Growth curves of cells expressing CALRdel52 lectin variants. 
Left panel shows CALRdel52 lectin motif variants that were unable to confer 

cytokine independent growth. Right panel shows CALRdel52 lectin motif 

variants which confer partial cytokine-independence. Error bars denote 

standard error. Testing for statistical significance was performed using a 

student’s t-test (**: p<0.01; ***: p<0.001). Results are representative of 3 

independent experiments. 
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Figure 3.4 Non-transforming CALRdel52 lectin variants lead to impaired 
STAT3 and STAT5 phosphorylation. (A-B) Intracellular phosphorylation 

flow cytometry (Panel A) and western immunoblotting (Panel B) demonstrate 

diminished STAT3 and STAT5 phosphorylation in Ba/F3-MPL cells 

expressing non-transforming CALRdel52 lectin variants. Results are 

representative of 3 independent experiments. 
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Figure 3.5 Non-transforming CALRdel52 lectin variants do not bind to 
MPL.  Non-transforming lectin residue variants demonstrate abolished MPL 

binding, whilst partially transforming lectin residues variants show binding 

capacity relative to CALRdel52. Results are representative of 2 independent 

experiments. 
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3.3.2. A triad of histidine residues in the N-domain regulates CALRdel52 

oncogenic activity 

The remaining 3 residues identified in the initial alanine screen were histidine 

residues (His99, His145, His170) that have previously been implicated in the 

ability of wild-type CALR to bind zinc (Baksh et al., 1995). In the initial alanine 

screen, each single His (1His) mutant led to partial abrogation of cytokine-

independent growth (Figure 3.2). 

 

I subsequently undertook more detailed follow-up studies to functionally 

characterise these residues by generating CALRdel52 cDNAs harbouring two 

histidine mutations in combination (2His) or harbouring all three histidine 

mutated (3His). This was based on the rationale that these histidine residues 

were involved in zinc coordination, which frequently requires multiple 

histidine residues simultaneously (Guo et al., 2001), and therefore, combined 

loss of multiple histidine residues could have a more significant impact on 

CALRdel52 functionality. Firstly, these CALRdel52 variants were lentivirally 

transfected into Ba/F3-MPL cells and assessed for cytokine-independent 

growth. I confirmed that loss of any single histidine residue (1His) led to the 

consistent partial abrogation of cytokine independent growth in a time-course 

assay (Figure 3.6), whereas loss of two or three histidine residues led to a 

significant impairment in the capacity to confer cytokine independent growth 

(Figure 3.6). This finding was further supported by cell cycling analysis 

(Figure 3.7). In particular, His99 was observed to play a key role in this 

process, since its loss in combination with either His145 or His170 led to 

complete abrogation of cytokine independence, whereas combined loss of 
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His145 and His170 retained some capacity for cytokine-independent growth, 

albeit somewhat attenuated. As expected, 1His variants were associated with 

sustained levels of phosphorylated STAT3 and STAT5 comparable with 

CALRdel52, whereas 2His and 3His variants exhibited attenuation of STAT3 

and STAT5 phosphorylation by intracellular flow cytometry (Figure 3.8A) and 

western immunoblotting (Figure 3.8B).  

 

To ensure that the effects of these histidine residues are specific to these 

specific putative zinc-binding residues and not due to a general effect on 

CALRdel52 stability following mutagenesis of excessive number of residues, 

1His CALRdel52 variants were combined with loss of His42, which is predicted 

to lie on the opposite face of the globular domain and is not thought to 

coordinate with His99, His145 and His170 to bind to zinc (Chouquet et al., 

2011; Guo et al., 2003). As previously, these variants were transfected into 

Ba/F3-MPL cells and assessed for their ability to confer cytokine-independent 

growth and constitutively activate STAT3 and STAT5 phosphorylation. Loss 

of His42 individually or in combination with His99, His145 and His170 did not 

significantly impair the ability of CALRdel52 to confer cytokine-independent 

growth (Figure 3.9A) and elicited comparable levels of STAT3 and STAT5 

phosphorylation as CALRdel52 (Figure 3.9B-C).  
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Figure 3.6 Loss of two or more histidine residues within the zinc binding 
domain of CALRdel52 leads to impaired ability to confer cytokine 
independent growth. Growth curves of Ba/F3-MPL cells stably expressing 

CALRdel52 single (1His), double (2His) and triple (3His) histidine variants were 

measured over a period of 4 days following cytokine withdrawal. Error bars 

denote standard error. Testing for statistical significance was performed 

using a student’s t-test (ns: no significance; **: p<0.01; ***: p<0.001). Results 

are representative of 3 independent experiments. 
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Figure 3.7 Loss of two or more histidine residues within the zinc binding 
domain of CALRdel52 leads to impaired ability to confer cytokine 
independent growth. Loss of two or more histidine residues is associated 

with increased sub-G1 cells and decreased S/G2/M cells compared to Ba/F3-

MPL cells expressing CALRdel52. Results are representative of one 

independent experiment.  
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Figure 3.8 Loss of two or more histidine residues in CALRdel52 lead to 
diminished STAT3 and STAT5 phosphorylation. (A-B) Intracellular 

phosphorylation flow cytometry (Panel A) and immunoblotting (Panel B) 

demonstrate diminished STAT3 and STAT5 phosphorylation in Ba/F3-MPL 

cells expressing 2His- and 3His-CALRdel52 variants. Results are 

representative of 3 independent experiments. 
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Figure 3.9 Loss of His42 does not affect CALRdel52 activity. (A) Growth 

curves in Ba/F3-MPL cells expressing CALRdel52 variants harbouring loss of 

His-42 alone or in combination with His-99, His-145 or His-170. (B-C) 

Intracellular phosphorylation flow cytometry (Panel B) and immunoblotting 

(Panel C) demonstrate robust STAT3 and STAT5 phosphorylation in Ba/F3-

MPL cells expressing CALRdel52 variants harbouring loss of His-42 alone or 

in combination with His-99, His-145 or His-170. Error bars denote standard 

error. Results are representative of 3 independent experiments. Testing for 

statistical significance was performed using a student’s t-test (ns: no 

significance; *: p<0.01). 
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Next, I tested whether histidine-deficient CALRdel52 can bind to MPL. This was 

achieved using two different assays. Firstly, FLAG-pulldown assays 

demonstrated that 1His variants retained the ability to bind to MPL, but not 

2His or 3His variants (Figure 3.10). Secondly, I used fluorescence resonance 

energy transfer (FRET)-based immunocytochemistry to test the ability of 

histidine-deficient CALRdel52 variants to colocalise intracellularly with MPL. To 

achieve this, 1His-, 2His- and 3His-CALRdel52 variants were generated fused 

to an mCherry fluorescent marker and transfected into 293T cells in 

conjunction with a MPL-GFP fusion protein, and colocalisation was measured 

by quantification of energy transfer of the mCherry donor to the GFP 

acceptor. Significant FRET was observed for mCherry-tagged CALRdel52 and 

MPL-GFP indicative of intracellular colocalisation, whereas minimal FRET 

was observed for mCherry-tagged wild-type CALR and MPL-GFP (Figure 

3.11A-C). Similar analysis applied to histidine-deficient CALRdel52 variants 

indicated that MPL colocalised strongly with 1His-CALRdel52 variants, but not 

with 2His and 3His variants (Figure 3.11A-C).  

 

 

 

 

 

 

 

 



Chapter 3: Zinc dependent homomultimerisation of mutant calreticulin is required for MPN 
pathogenesis 
 

 - 82 - 

 

              

Figure 3.10 Loss of two or more histidine residues in CALRdel52 lead to 
impaired capacity to bind to MPL. Co-immunoprecipitation demonstrate 

1His variants retained MPL binding capacity, whilst 2His and 3His exhibit loss 

of MPL binding capacity. Results are representative of 3 independent 

experiments. 
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Figure 3.11 Assessment of colocalisation of histidine-deficient 
CALRdel52 variants and MPL by FRET. (A) Representative confocal images 
of 293T cells expressing MPL-GFP fusion protein (green), mCherry-fused 
histidine-deficient CALRdel52 variants fused to mCherry fluorophore (red) and 
areas of signal overlap (yellow). Quantitation of energy transfer by FRET are 
denoted in pseudocolour (magenta). (B) FRET energy transfer between 
mCherry-tagged histidine-deficient CALRdel52 protein and MPL-GFP in 
arbitrary fluorescence units for 103 single cells. (C) Average FRET intensity 
depicting energy transfer in arbitrary fluorescence units. The data represent 
mean ± S.D. of all cells. Testing for statistical significance was performed 
using a student’s t-test in comparison with the CALRdel52 sample (*: p<0.05; 
**: p<0.01; ***: p<0.001). Results are representative of 5 independent 
experiments. 
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3.3.3. Histidine-mutated CALRdel52 variants lose the capacity to 

homomultimerise, an essential property for MPL binding 

activation 

A recent study reported that CALRdel52 but not its wildtype counterpart is 

capable of forming homomultimers (Araki et al., 2019). I was able to confirm 

similar conclusions by assessing the ability of FLAG-tagged CALRdel52 (bait) 

to complex and co-immunoprecipitate with a V5-tagged CALRdel52 species 

(prey) in 293T cells (Figure 3.12A), and demonstrated that CALRdel52 is 

capable of interacting with CALRdel52 but exhibited impaired ability to bind to 

wildtype CALR (Figure 3.12B). In line with previous reports, the capacity for 

homomultimerisation was dependent in part on the mutant C-terminus, as 

CALRdel52 was less efficient at pulling down two CALRdel52 truncation variants 

lacking significant portions of the mutant-specific C-terminal tail (D36 and 

D47) (Figure 3.12B) (Araki et al., 2019).  

 

I next tested if the same phenomenon was observed with lectin-deficient and 

histidine-mutated CALRdel52 variants using the same co-immunoprecipitation 

approach. I observed that the lectin-deficient CALRdel52 were able to retain its 

capacity to homomultimerise (Figure 3.13). Moreover, 1His-CALRdel52 was 

also shown to be able to form homomultimers (Figure 3.14). In contrast, the 

2His and 3His-CALRdel52 showed an impaired capacity to homomultimerise 

(Figure 3.14). Taken together, these data suggest that the lectin activity and 

the capacity to homomultimerise are co-requisites to facilitate MPL binding.  
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Figure 3.12 CALRdel52 is capable of homomultimerisation. (A) Schematic 
depicting co-IP assay for detecting homomultimerisation of FLAG-tagged 

CALR variant and V5-tagged CALRdel52. (B) FLAG-pulldown assays 

demonstrating CALRdel52 is capable of binding to a V5-tagged CALRdel52 

truncation mutants lacking the terminal 36 amino acids (CALRdel52-D36) or the 

terminal 47 amino acids (CALRdel52-D47).  Results are representative of 2 

independent experiments. 
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Figure 3.13 Lectin-deficient CALRdel52 retained their ability to 
homomultimerise. FLAG-pulldown assays demonstrating CALRdel52 lectin 

variants retain the ability to bind to V5-CALRdel52. Results are representative 

of 3 independent experiments. 
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Figure 3.14 Loss of two or more histidine residues in CALRdel52 lead to 
impaired homomultimerisation. FLAG-pulldown assays demonstrating 

2His- and 3His-CALRdel52 are compromised in their ability to bind V5-CALRdel52 

compared to 1His-CALRdel52. Results are representative of 3 independent 

experiments. 
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3.3.4. Zinc chelation impairs CALRdel52 homomultimers and 

CALRdel52-MPL complexes 

As previously stated, His99, His145 and His170 have previously been 

implicated in the zinc binding capacity of wildtype calreticulin. To identify if 

these histidine-deficient CALRdel52 variants exhibit impaired zinc binding by 

affinity chromatography, cell lysates of 293T cells expressing FLAG-tagged 

1His-, 2His- or 3His-CALRdel52 variants were applied onto a zinc resin to test 

for the ability of histidine-deficient CALRdel52 variants to be retained on the 

column. CALRdel52 and 1His-CALRdel52 were both able to be isolated in the 

zinc-resin, whereas 2His- and 3His-CALRdel52 were not retained on the zinc 

column suggestive of impaired zinc binding capacity (Figure 3.15).  

 

These findings led to the hypothesis that perturbation of intracellular zinc 

levels could affect CALRdel52 activity. To test this, FLAG- and V5-tagged 

CALRdel52 and MPL were heterologously expressed in 293T cells and were 

treated with agents that modulate zinc levels followed by pulldown assays to 

assess CALRdel52-MPL co-immunoprecipitation. Treatment of cells with ZnCl2 

(which increases free intracellular Zn2+) resulted in a modest increase in 

CALRdel52 homomultimerisation in a dose-dependent manner, as well as 

increased MPL binding within heteromeric complexes (Figure 3.16). On the 

other hand, treatment with varying concentrations of the zinc chelator TPEN 

(which decreases free intracellular Zn2+) for 6 hours resulted in decreased 

CALRdel52 homomultimer formation and decreased CALRdel52-MPL 

heteromeric complexes (Figure 3.17). These data suggest that modulation 
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of zinc levels can regulate the formation of CALRdel52-MPL signalling 

complexes 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 Loss of two histidine residues lead to an impairment of zinc 
binding.  Zinc affinity pull down of 293T cells co-expressing CALRdel52 

variants demonstrates 2His- and 3His-CALRdel52 variants are unable to bind 

zinc. Results are representative of 2 independent experiments. 
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Figure 3.16 Zinc chloride enhances CALRdel52 homomultimerisation and 
MPL binding. FLAG-pulldown assays demonstrating ZnCl2 treatment 

enhances CALRdel52 homomultimerisation and MPL binding in 293T cells. 

Results are representative of 2 independent experiments. 
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Figure 3.17 TPEN chelation diminishes CALRdel52 homomultimerisation 
and MPL binding. FLAG-pulldown assays demonstrating zinc chelator 

TPEN treatment disrupts CALRdel52 homomultimerisation and MPL binding in 

293T cells. The data are representative of 2 independent experiments. 

Results are representative of 3 independent experiments. 
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Given these findings in 293T cells, I next tested whether zinc chelation 

affected formation and function of the CALRdel52-MPL signalling complex in 

hematopoietic cells. Cytokine-independent FLAG-tagged CALRdel52-

expressing Ba/F3-MPL cells (Ba/F3-MPL-CALRdel52) were treated with TPEN 

for 4 hours and analysed for CALRdel52-MPL binding by co-

immunoprecipitation. In line with data in transiently transfected 293T cells, 

zinc chelation led to decreased association between CALRdel52 and MPL in 

Ba/F3-MPL-CALRdel52 cells in a dose-dependent manner (Figure 3.18), in 

conjunction with decreased STAT3/5 phosphorylation as assessed by 

intracellular flow cytometry (Figure 3.19A) and immunoblotting (Figure 

3.19B). Diminution of free intracellular zinc was confirmed by staining with an 

intracellular Zn2+ selective fluorescent probe zinquin (Figure 3.20A-B).  

Quantitation of pSTAT3/5 and zinc mean fluorescence intensities suggest 

that the extent of the pSTAT3/5 reduction was directly correlated with the 

levels of intracellular zinc following TPEN treatment (Figure 3.20C). To 

assess the specificity of TPEN on CALRdel52-associated oncogenic 

processes, the effect of TPEN was also tested on Ba/F3 cells transformed 

with an alternate MPN oncogene MPLW515L (Ba/F3-MPLW515L), which would 

be not be predicted to be dependent on zinc to facilitate complex formation 

for oncogenic activity. TPEN was equally effective at reducing intracellular 

zinc levels in Ba/F3-MPLW515L cells (Figure 3.20C top panel). In contrast, 

TPEN treatment was less effective on reducing STAT3/5 phosphorylation in 

Ba/F3-MPLW515L cells compared to Ba/F3-MPL-CALRdel52 cells (Figure 3.20) 

and there was weaker correlation between zinc levels and pSTAT3/5 

reduction (Figure 3.20C bottom panel). These data suggest that sensitivity 
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to zinc homeostasis is not a common feature of all MPN diseases but rather, 

is a potentially unique feature of CALRdel52-associated disease. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18 TPEN chelation in Ba/F3-MPL cells stably expressing 
CALRdel52 decreases MPL binding in a dose dependent manner. 
Immunoblotting of FLAG-immunoprecipitated proteins and whole cell lysates 

from Ba/F3-MPL cells expressing CALRdel52 demonstrates TPEN chelation 

disrupts CALRdel52 homomultimerisation and MPL binding. Results are 

representative of 3 independent experiments. 
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Figure 3.19 Effect of TPEN chelation on JAK-STAT signalling is specific 
to CALRdel52. (A) Intracellular phosphorylation flow cytometry analysis of 

pSTAT5 (left) and pSTAT3 (right) following TPEN chelation demonstrate no 

effect in MPLW515L cells. (B) Immunoblotting of Ba/F3-MPL cells expressing 

CALRdel52 or MPLW515L demonstrate diminished STAT5 and STAT3 

phosphorylation in response to TPEN is specific to CALRdel52-expressing 

cells. Results are representative of 3 independent experiments. 
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Figure 3.20 Zinc chelation abrogates CALRdel52-induced JAK-STAT 
signalling. (A) Zinquin staining quantitation of free intracellular zinc levels in 

TPEN-treated CALRdel52 and MPLW515L Ba/F3 cells by flow cytometry. (B) 
Correlation between zinquin mean fluorescence intensity (MFI) and TPEN 

dosage reveals similar extent of zinc chelation in both CALRdel52 and 

MPLW515L Ba/F3 cells. (C) Correlation between zinquin MFI and pSTAT3/5 

MFI reveals strong correlation between zinc chelation and STAT3/5 signalling 

in CALRdel52-expressing Ba/F3-MPL cells and weaker correlation in Ba/F3-

MPLW515L cells. Results are representative of 3 independent experiments. 
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3.4 Discussion 

Multiple studies have now provided evidence that CALR mutations leverage 

the MPL-JAK2 signalling axis to engender an MPN phenotype and that this 

is achieved by direct interaction between CALRdel52 and the MPL extracellular 

domain (Chachoua et al., 2016; Elf et al., 2016; Araki et al., 2016). In this 

chapter, I have attempted to provide further molecular insights into how the 

CALRdel52-MPL binding event is governed.  

 

These data confirm the essentiality of the lectin motif in CALRdel52 oncogene 

function. It was somewhat surprising that residues thought to be essential for 

wild-type CALR lectin activity (such as Tyr109, Tyr128 and Met131) only had 

a partial effect on CALRdel52 activity when mutated. A recent X-ray 

crystallography structural comparison  suggested two surface patches in 

common within the lectin domain between calreticulin and calnexin, could 

provide a possible explanation (Chouquet et al., 2011). Specifically, although 

Tyr109, Tyr128 and Met131 are localised in the middle of the lectin patch, 

they were found to be 40-80% buried with the exception of its hydroxyl group 

and is positioned adjacent to Met131 and Tyr128 (Figure 3.21A). This may 

suggest that these residues contribute to the lectin motif but are less essential 

in certain contexts. In addition, structural analysis indicated that Cys105, 

Lys111 (neighbouring edge) and Gly133 and Asp135 (middle of the patch) 

are essential for formation of disulphide bridges and for mediating key 

hydrophobic contacts (Chouquet et al., 2011), which may suggest that these 

types of protein-protein interactions are especially important for mediating 
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physical interaction with MPL. Further structural analyses of this interaction 

is required to clarify this question.  

 

These data also successfully reveal the novel finding that a triad of zinc-

binding histidine residues within the CALRdel52 N-domain is required for MPL 

binding. Consistent with this, loss of any 2 of the 3 histidine residues led to 

significant abrogation of the ability of CALRdel52 to bind MPL, activate JAK-

STAT signalling and ultimately confer cytokine-independent growth of Ba/F3 

cells. The mechanism by which zinc acts is an essential cofactor to enable 

CALRdel52 binding to MPL remains unclear. It was surprising that 2His- and 

3His-CALRdel52 molecules that lack a zinc-binding domain but still retain an 

intact lectin motif was nevertheless unable to bind MPL. Two potential 

explanations can be envisioned for this finding. One possibility is that zinc 

binding is required to ensure proper 3-D conformation of the lectin motif, and 

that the absence of zinc renders the CALR lectin motif non-functional. This 

explanation is unlikely to be the sole explanation however for our 

observations, as structural studies of wild-type CALR have shown that 

although zinc binding does cause significant intramolecular conformational 

changes that includes increased exposure of hydrophobic surfaces, in vitro 

functional assays have shown that zinc binding did not impair either its lectin 

activity or polypeptide-binding capacity but rather led to increased ability to 

suppress glycoprotein aggregation suggesting that the glycan-binding 

capacity is intact (Saito et al., 1999). Whether this is the case for CALRdel52 

remains to be tested. Alternatively, a second possibility is derived from our 

findings that zinc binding-deficient CALRdel52 variants lose 
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homomultimersation capacity. It is therefore possible that CALRdel52 cannot 

bind to MPL as a monomer but rather needs to engage MPL as a multimer. 

Under this scenario, binding by CALRdel52 to MPL would require both an intact 

lectin motif and the capacity for zinc-dependent homomultimerisation (Figure 

3.21B). Of note, ligand multimerisation as a prerequisite for receptor 

activation is a common phenomenon (Marianayagam et al., 2004). For 

example, erythropoietin (Epo), the ligand of erythropoietin receptor, has been 

found to form high molecular weight species when purified (DePaolis et al., 

1995; Sytkowski et al., 1998) and Epo dimers have been shown to be 

biologically active in vivo and exhibited more than 26-fold higher activity than 

its monomeric form.  

 

In addition, there were several residues from the alanine mutagenesis 

screening that appeared to lead to over proliferation following cytokine 

withdrawal (Figure 3.2), suggesting that these residues might have a 

negative regulatory role in conferring MPL activation. Due to time constraints, 

these residues were not followed up, but may warrant further investigation.  

 

Finally, these findings have also potential therapeutic implications. These 

data suggest that drugs which can modulate intracellular zinc levels could be 

a potentially novel avenue for MPN therapy. Additionally, these data also 

suggest that inhibition of MPL binding by CALRdel52 can also be mediated by 

inhibition of impairing the capacity of CALRdel52 to homomultimerise, and 

proteins which can affect the rate of multimerisation could also be an effective 

therapeutic strategy.   
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Figure 3.21 Schematic representation of the predicted mechanisms of 
CALRdel52 and variants in MPL binding. (A) 3D structure of wildtype 

calreticulin (from (Blees et al., 2017)) showing positions of histidine and lectin 

residues within the globular domain. (B) Schematic depiction of role of zinc in 

mediating interplay between CALRdel52 multimerization and MPL binding. 
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Chapter 4 
Mutant calreticulin requires Tyr-626 of the thrombopoietin 

receptor, MPL for oncogenic transformation 

4.1 Introduction  

The thrombopoietin receptor MPL plays an essential role in megakaryopoiesis 

and regulating HSC self-renewal, and aberrant activation of MPL signalling 

results in MPN. Specifically, activating mutations in MPL have bene observed in 

~5% of ET and PMF patients (Pikman 2006), and co-expression of MPL can 

support JAK2V617F- and CALRdel52-associated oncogenic activity.  

 

Wild-type MPL is activated through binding to its cognate ligand thrombopoietin 

(TPO) on its extracellular domain, which causes a reorientation of the receptor’s 

transmembrane (TM) and intracellular domains that results in conformational 

changes leading to receptor activation (Figure 4.1) (Varghese et al., 2017). MPL 

shares homology to other members of the type I cytokine receptor family such 

as Epo receptor (EpoR) and GCSF receptors (GCSFR) (Geddis et al., 2002; 

Vigon et al., 1992). The MPL receptor consists of three functional domains: (i) a 

large extracellular domain that allows binding of ligand at a receptor subunit: 

ligand stoichiometric ratio of 2:1; (ii) a single-pass membrane spanning 

transmembrane domain; and (iii) a cytoplasmic/intracellular domain that act as 

docking sites for JAK binding and various other signalling molecules like STATs.  
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Figure 4.1 Mechanisms of MPL activation. Membrane distal extracellular 

domain, H499 and the RWQFP motif play vital roles in preventing self-activation 

in the absence of ligand. H499 creates a break in the helical extracellular 

juxtamembrane and the TM domain to prevent oncogenic activation and regulate 

homodimerisation. W515 anchors in the TM domain and is oriented outside of 

the dimer interface in the opposite direction of H499. In active dimeric state of 

MPL or upon activating mutations such as W515L or S505N (not shown), W515 

is rotated “in” and H499 is rotated “out” leading to JAK2 recruitment and 

subsequent phosphorylation of tyrosine residues within the intracellular domain 

of MPL. F104S mutation leads to a defect in TPO binding. K39N or P106L leads 

to low level MPL cell surface localisation and inability to efficiently clear TPO 

from circulation. Conserved Box1, Box2 and tyrosine residues are shown above.  
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4.1.1 Extracellular domain 

The extracellular domain (ECD) of the MPL receptor is composed of two copies 

of cytokine receptor modules (CRM), each of which is composed of a fibronectin-

III-like (FNIII) domains characterised by four conserved cysteine residues, a 

hinge region and a WSXWS motif. The membrane distal CRM (CRM-1) is 

thought to be primarily responsible for interaction with TPO ligand, as its deletion 

or replacement with the membrane-proximal CRM (CRM-2) creates a mutant 

MPL that is incapable of  cytokine binding and interaction with TPO (Deane et 

al., 1997; Sabath et al., 1999). What the role of CRM-2 is in modulating CRM-1 

activity and MPL signalling overall remains unclear. 

 

Mutations in the MPL ECD are associated with multiple platelet disorders. 

Congenital amegakaryocytic thrombocytopaenia (CAMT) is a rare blood disorder 

characterised by platelet and MK deficiency that have been shown to be caused 

by inherited mutations in the MPL ECD (Muraoka et al., 1997; Ballmaier et al., 

2001; Ihara et al., 1999). The F104S mutation disrupts the membrane distal 

FNIII-like domain of CRM-1 and has been shown to disrupt the ligand binding 

site and Ba/F3 cells expressing MPLF104S are unresponsive to TPO stimulation 

(Fox et al., 2010). Other cases of MPL ECD mutations in CAMT patients also 

include mutations that affect F45, R102, L103 and P257. Paradoxically, 

mutations of the MPL ECD have also been identified that lead to reduced global 

and cell surface expression of MPL, but are associated with thrombocytosis and 

elevated platelet counts. Specifically, mutation of residue K39N identified in ~7% 

of African-American populations and of residue P106L seen in a low frequency 

in Arab populations, causes reduced protein expression in patient-derived 
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platelets and in Ba/F3 cells but leads to a hereditary thrombocytosis (Moliterno 

et al., 2004; El-Harith et al., 2009; Varghese et al., 2017). The mechanism of 

how these MPL ECD mutations drive thrombocytosis are not fully understood.  

 

4.1.2 Transmembrane domain 

The transmembrane (TM) domain of MPL is responsible for anchoring the 

receptor to the cell surface. In addition, this domain also plays critical roles in 

mediating various aspects of receptor activation, including regulating receptor 

dimerisation and undergoing conformational changes that are necessary for 

receptor activation (Leroy et al., 2016). The ability of the MPL TM domain to 

regulate MPL activation principally lies in two sequences which keep MPL 

inactive in the absence of ligand stimulation. Firstly, a 5-residue amphipathic 

helical motif RWQFP  that is adjacent to the C-terminal tail of the TM domain is 

critical for keeping the receptor inactive by acting as an anchor in the TM domain 

to maintain a tilt relative to the lipid bilayer structure that keeps the receptor in 

an inactive orientation in the absence of ligand (Varghese et al., 2017). Deletion 

of the motif results in constitutive receptor activation (Staerk et al., 2006). In 

addition, the MPN-associated W515 mutations that are associated with 

aberrantly active MPL (described in Section 1.4.3.3) directly disrupts this motif 

and has been shown by NMR to decrease the tilt angle relative to the lipid bilayer, 

resulting in an active conformation of the MPL dimer (Defour et al., 2013). 

Secondly, the H499 residue which lies near the N-terminus of the TM domain is 

inhibitory to receptor dimerisation. Deuterium-NMR analysis showed that in the 

absence of ligand stimulation, H499 introduces a kink in the TM helix which 

negatively influenced the potential for TM domains to dimerise, compared to 
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murine MPL TM domains (which do not have a H499 paralogue) or a mutated 

hMPL-TM-H499L variant (Leroy et al., 2016). Furthermore, treatment with 

eltrombopag (which binds directly to H499) induced a modest increase in hMPL 

TM domain dimerisation.  

 

4.1.3 Cytoplasmic domain 

The intracellular/cytoplasmic domain of MPL that extends into the cytoplasm is 

the region where signalling intermediates such as JAK2 tyrosine kinases are 

constitutively bound to act as signal transducers, or where other intracellular 

proteins such as STATs can be recruited to be phosphorylated.  

 

The intracellular domain of MPL share two conserved elements: Box1 and Box2. 

Box1 contains a PxxP motif and is required for JAK2 binding, while the function 

of Box2 remains unclear. In addition, there are three key cytoplasmic tyrosine 

residues (Tyr591, Tyr626 and Tyr631) located in the intracellular domain  that 

when phosphorylated, can act as docking sites for the SH2-domain-containg 

proteins, primarily STATs, MAPK, PI3K, protein kinase C (PKC) and LNK to 

promote cell proliferation and cell survival (Drachman et al., 1995; Rojnuckarin 

et al., 1999) (Figure 4.2).  Upon receptor activation, MPL conformational change 

leads to juxtaposition of Box1-bound JAK2 molecules and trans-

autophosphorylation of JAK2 followed by phosphorylation of one or more 

tyrosine residues within the MPL cytoplasmic domain. 
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Previous studies have shown that Tyr626 and Tyr631 are essential tyrosine 

residues that functions as positive regulatory sites for transmitting MPL signals. 

Mutagenesis studies confirmed that these residues are essential for MPL-

mediated STAT3 phosphorylation (and to a lesser extent STAT5) in response to 

TPO, and acted as critical docking sites for SH2-containing signalling proteins  

(Drachman et al., 1995). The murine homologue of Tyr626 (Y599) has also been 

shown to be required for cellular differentiation since abolishment of this residue 

leads to impaired TPO-dependent Shc phosphorylation and Grb2-Ras signalling 

(Alexander et al., 1995; Bouscary et al., 2001). Furthermore, Tyr626 is also 

necessary as a mediator in driving the MPN phenotype. MPL hyperactivation 

induced by JAK2V617F and MPLW515A was dependent on signalling by Tyr626 

(Pecquet et al., 2010), and Tyr626 was found to be required for TPO-

independent colony-forming unit megakaryocytes (CFU-Mk) following 

MPLW515L expression (Yu et al., 2016).  

 

Tyr591 is also phosphorylated in response to TPO (Sangkhae et al., 2014) but 

has been implicated in the negative regulation of TPO signalling (Hitchcock et 

al., 2008). MPL variants in which Tyr591 was substituted with phenylalanine 

conferred a proliferative advantage to Ba/F3 cells in response to TPO. A protein 

microarray screen of SH2 domain-containing proteins identified spleen tyrosine 

kinase (SYK) as a Tyr591 binding partner (Sangkhae et al., 2014)(Sangkhae et 

al., 2014)(Sangkhae et al., 2014)(Sangkhae et al., 2014)(Sangkhae et al., 

2014)(Sangkhae et al., 2014)(Sangkhae et al., 2014), where it functions as a 

negative regulator to dampen ERK1/2 signalling (Sangkhae et al., 2014).  
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Figure 4.2 Predicted MPL structure using Phyre2 analysis. Residues in pink 

indicate localisation of tyrosine residues Tyr591, Tyr626 and Tyr631.  
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Figure 4.11 Phyre2 protein modelling
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4.2 Aims and Hypothesis 

 

Co-expression of wild-type MPL is required in order for CALRdel52 to transform 

cells, but it remains unclear which regions of MPL are necessary and sufficient 

to support this activity.  I hypothesise that key regions of MPL exist which are 

crucial to support cell transformation by CALRdel52, which can be uncovered by 

mutagenesis of potentially critical MPL regions or residues. In this chapter, I will 

discuss results associated with these aims:  

 

I. Test the role of MPL intracellular domain tyrosine (Y) residues (Tyr591, 

Tyr626 and Tyr631) in supporting CALRdel52 oncogenic activity, using Ba/F3 

cytokine-independence assays, activation of JAK-STAT signalling and ability to 

interact in co-immunoprecipitation assays.  

 

II. Test the role of CAMT- and hereditary thrombocytosis-associated lesions 

in MPL extracellular domain (F104S, K39N, P106L) in supporting CALRdel52 

oncogenic activity, using similar assays described in Aim 1.  

 

III. Test the role of MPL transmembrane domain residue (H499) in supporting 

CALRdel52 oncogenic activity, using similar assays described in Aim 1.  
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4.3 Results 

 
4.3.1 Tyrosine 626 (Tyr626) of the intracellular domain of MPL is 

critical for CALRdel52-mediated transformation 

To test the role of MPL intracellular tyrosine residues Tyr591, Tyr626 and Tyr631 

in supporting CALRdel52 oncogenic activity, MPL variants were generated by site-

directed mutagenesis where all 3 candidate tyrosine (Y) residues were mutated 

to phenylalanine (F). Presence of all 3 mutations on the MPL cDNA 

(Tyr591F/Tyr626F/Tyr631F) (referred hereafter as FFF) was confirmed by 

Sanger sequencing. Murine IL3 (mIL3)-dependent Ba/F3 cells were co-infected 

with lentiviruses expressing CALRdel52 in conjunction with empty lentiviruses 

(EV), lentiviruses expressing wild-type MPL (YYY) or lentiviruses expressing the 

triple-mutated MPL (FFF), and the cell growth was monitored for 4 days following 

mIL3 withdrawal. As expected, absence of MPL co-expression failed to support  

cytokine independence in the presence of CALRdel52, whereas wildtype MPL 

could support cytokine independence.  Strikingly, the MPL-FFF variant 

demonstrated complete inability to support cytokine-independent growth (Figure 

4.3). These results indicate that at least one of these 3 tyrosine residues is 

required for oncogenic transformation of Ba/F3 cells driven by CALRdel52. This 

initial finding prompted further investigations on the specific contribution of 

individual tyrosine residues.  
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Figure 4.3   Tyr591/626/631 of MPL are required to support CALRdel52-
induced cytokine independence. Growth curves in Ba/F3 cells stably 

expressing wild-type MPL (YYY) and MPL variant mutated for Tyr591/626/631 

(FFF) four days post-cytokine withdrawal. Error bars denote standard error. 

Testing for statistical significance was performed using a student’s t-test (***: 

p<0.001). Results are representative of 3 independent experiments. 
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Therefore, I next generated MPL variants where these three tyrosine (Y) 

residues were systematically mutated to phenylalanine (F) individually to create 

single-tyrosine mutants or in tandem to create double-tyrosine mutants. 

Introduction of correct mutations was confirmed by Sanger sequencing.  All MPL 

variants were expressed in 293T cells and found to physically interact with 

CALRdel52 in FLAG-pulldown assays (Figure 4.4), consistent with the fact that 

MPL binding to CALRdel52 is independent of the intracellular domain. Despite 

their capacity to bind CALRdel52, I tested if these MPL variants were still able to 

be fully activated by CALRdel52 by assessing transformation of Ba/F3 cells as 

above. Analysis of single-tyrosine variants showed that loss of Tyr591 or Tyr631 

had no effect on MPL ability to support CALRdel52 activity, whereas loss of Tyr626 

resulted in significant impairment in the ability of MPL to support cellular 

transformation (Figure 4.5A). These findings were corroborated by analysis of 

the double-tyrosine variants. Double variants in which Tyr626 was disrupted 

(Tyr591/626 and Tyr626/631) demonstrated an inability to confer cytokine-

independence (Figure 4.5B). In contrast, a double mutant in which Tyr626 is 

intact (Tyr591/Tyr631) showed only a partial impairment. Finally, in accord with 

previous data, triple variants in which all three residues are disrupted 

(Tyr591/626/631) exhibited no cytokine-independent growth (Figure 4.5C).  

Finally, I next tested whether the capacity for cytokine-independent growth 

correlated with aberrant JAK-STAT signalling by analysis of levels of 

phosphorylated STAT5 (pSTAT5) by immunoblotting. Robust STAT5 

phosphorylation was a feature of cells expressing intact Tyr626  but was 

attenuated in variants lacking intact Tyr626 (Figure 4.6). Cumulatively, these 

data suggest that Tyr626 is the key tyrosine residue required to support 

CALRdel52-mediated growth.  
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Figure 4.4 MPL tyrosine variants can bind to CALRdel52. Immunoblotting of 

FLAG immunoprecipitated proteins from 293T cells co-expressing FLAG-tagged 

CALRdel52 and MPL tyrosine variants demonstrates that mutations of intracellular 

tyrosine residues on MPL does not affect the ability of CALRdel52 to bind to MPL. 
Results are representative of 3 independent experiments. 

 

 

 

 

 

 

 

 

Figure 4.8 293T transiently co-expressed with MPL tyrosine variants and FLAG-tagged CALRdel52 were
subjected to co-immunoprecipitation and demonstrates no defect in its capacity to bind MPL.
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Figure 4.5 Loss of Tyr626 abolishes the ability of MPL to support cytokine 
independent growth by CALRdel52. Growth curves of Ba/F3 cells stably 
expressing single (A), double (B) and triple (C) MPL tyrosine variants for a period 
of five days following cytokine (IL-3) withdrawal. Error bars denote standard 
error. Testing for statistical significance was performed using a student’s t-test 
(ns: no significance, ***: p<0.001). Results are representative of 3 independent 
experiments. 
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Figure 4.5 Ba/F3 cells stably expressing single, double and triple MPL tyrosine variants growth counts that measured cell
counts in a period of five days following cytokine (IL-3) withdrawal. ***P-value=<0.001, ns= no significance
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Figure 4.6 Loss of Tyr626 leads to attenuation of pSTAT5 levels.  Ba/F3 

cells stably co-expressed with MPL tyrosine variants and FLAG-tagged 

CALRdel52 demonstrate phosphorylated STAT5 levels were abrogated in cells 

expressing MPL harbouring loss of Tyr626. Results are representative of 3 

independent experiments. 

 

 

 

 

 

 

 

 

Figure 4.6 Ba/F3 cells stably co-expressed with MPL tyrosine variants and FLAG-tagged CALRdel52 demonstrates

phosphorylated STAT5 levels were abrogated harbouring loss of Tyr626.
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4.3.2 Loss of TPO- and eltrombopag-binding sites does not affect 

the ability of MPL to support CALRdel52-mediated transformation 

The previous analysis examined the role of intracellular tyrosines within MPL in 

transmitting CALRdel52-associated oncogenic signals. I next tested whether other 

residues within MPL, especially within the extracellular domain and in the 

transmembrane motif, also played a significant role in the ability of MPL to 

support cytokine independent growth and cellular transformation.  

 

MPL variants were generated harbouring CAMT-associated mutation (F104S), 

thrombocytosis-associated mutations that decrease the cell surface expression 

of MPL (K39N, P106L) and the essential transmembrane residue H499 (H499A).  

Co-immunoprecipitation experiments in 293T cells revealed MPL harbouring 

K39N, F104S, P106L mutations were able to physically interact with CALRdel52 

in FLAG-pulldown assays, while H499A exhibited weaker binding with CALRdel52 

(Figure 4.7).  I next proceeded to assess the ability of these variants to support 

cytokine-independence in Ba/F3 cells in conjunction with CALRdel52. Loss of any 

of these residues did not perturb MPL's ability to support cytokine-independent 

growth following IL-3 withdrawal (Figure 4.8), nor did it have any effect on the 

ability to induce STAT3/5 phosphorylation (Figure 4.9).  
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Figure 4.7 MPL variants associated with loss of TPO- and eltrombopag-
binding sites does not affect MPL binding capacity to CALRdel52.  FLAG 
immunoprecipitated proteins from 293T cells co-expressing FLAG-tagged 
CALRdel52 and MPL K39N, F104S and P106L mutants demonstrate no affect in 
the ability of CALRdel52 to bind to MPL. Decreased binding between CALRdel52 
and MPL H499A mutants was observed. Results are representative of 2 
independent experiments. 
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Figure 4.8 MPL variants associated with loss of TPO- and eltrombopag-
binding sites does not affect capacity to support CALRdel52 cellular 
transformation. Growth curves of Ba/F3 cells stably expressing wild-type MPL 

and MPL K39N, F104S, P106L and H499A mutants and CALRdel52 for a period 

of four days following cytokine (IL-3) withdrawal. Error bars denote standard 

error. Testing for statistical significance was performed using a student’s t-test 

(*: p<0.05, ***: p<0.001). Results are representative of 2 independent 

experiments. 
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Figure 4.9. MPL variants associated with loss of TPO- and eltrombopag-
binding sites does not affect capacity to activate JAK-STAT signalling.  
Intracellular phospho-flow analysis of pSTAT3/5 demonstrate no significant 

differences between MPL K39N, F104S, P106L and H499A variants compared 

to wildtype MPL.  Results are representative of one experiment.  
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4.4 Discussion 

 

Upon ligand binding, the thrombopoietin receptor MPL activates one or more 

intracellular tyrosine kinases and results in rapid tyrosine phosphorylation of 

tyrosine residues within its intracellular domain to recruit various STAT proteins 

such as STAT1, STAT3 and STAT5 (Sattler et al., 1995; Drachman et al., 1995). 

Following the discovery of MPL mutations as a driver mutation of MPNs as well 

as its necessity in supporting CALRdel52-mediated transformation, there has been 

significant effort in identifying the precise mechanisms of MPL activation leading 

to an MPN phenotype. Analysis of functional domains of MPL identified various 

residues associated with normal TPO signalling (Pecquet et al., 2010; Sangkhae 

et al., 2014), but it remained unclear which of these (if any) were essential in 

mediating CALRdel52-associated oncogenic signalling.  

 

These data demonstrate a significant contributory role for three tyrosine residues 

(Tyr591, Tyr626 and Tyr631) localised within the intracellular domain of MPL in 

supporting CALRdel52 cellular transformation. By systematically mutating each 

individual tyrosine residue into phenylalanine in combination, it was deduced that 

Tyr626 was the essential residue responsible for transmitting CALRdel52 signals 

via MPL, while Tyr591 and Tyr631 had minor roles in mediating CALRdel52 

signalling.  Of note, none of the MPL tyrosine variants analysed resulted in any 

difference in the ability to physically interact with CALRdel52, which is consistent 

with previous findings that CALRdel52 binds to MPL on the extracellular domain 

(Elf et al., 2018). Previous findings investigating the role of Tyr626 also found a 

central role for it in mediating TPO-dependent signal transduction (Drachman et 

al., 1995; Staerk et al., 2012) and is absolutely required for STAT3/5 activation. 



Chapter 4: Mutant calreticulin requires Tyr-626 of the thrombopoietin receptor, MPL for oncogenic 
transformation 

 - 120 - 

These data are therefore consistent with a model where CALRdel52 co-opts 

canonical MPL activation pathways, by using the same intracellular tyrosine 

residues as in normal TPO-MPL signalling. 

 

Evidence in literature suggest that Tyr591 is a potential negative regulator of 

JAK-STAT signalling downstream of MPL, and therefore its minimal contributory 

role in mediating CALRdel52 activity is perhaps not surprising. It has been 

proposed that Tyr591 binds to negative regulatory molecules or trigger receptor 

internalisation (Hitchcock et al., 2008; Hitchcock et al., 2014), but this negative 

regulatory activity is insufficient to inhibit the oncogenic consequences and 

receptor conformational changes induced by MPLW515L mutations. A similar 

process may be in play in the context of CALRdel52 where Tyr591 negative 

regulatory effects may have been overcome by other signalling pathways 

activated by CALRdel52 upon binding to MPL (Figure 4.10). The exact nature of 

the crosstalk between Tyr591 and Tyr626 in supporting CALRdel52 oncogenic 

activity will likely require further investigation.  

 

Finally, in addition to the tyrosine residues within the intracellular domain, this 

study also tested numerous residues that exert their functionality in other 

domains of MPL, including the ligand binding site in the extracellular domain 

(F104S), in mediating receptor turnover (K39N and P106L) and the binding site 

for eltrombopag in the transmembrane domain (H499). These data show that 

loss of any of these residues did not impair the ability of the MPL variant to bind 

MPL or support CALRdel52 mediated cellular transformation. These findings have 

multiple implications. Firstly, this data suggests that the CALRdel52 binding site 
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does not overlap with the TPO binding site. This is consistent with previous data 

where ablation of a putative TPO binding site on MPL (D235/L239) also failed to 

disrupt its ability to support CALRdel52 activity (Elf et al., 2018). Secondly, this 

data also suggests that CALRdel52 does not act like an eltrombopag mimetic. 

Eltrombopag is a potent stimulator of megakaryopoiesis that works by binding to 

H499 within the MPL transmembrane motif to stimulate receptor dimerisation 

and activation. It is a first-in-class treatment for various bone marrow failure 

disorders, such as aplastic anaemia. These data shows that loss of H499 (the 

binding site for eltrombopag) does not curtail the ability of MPL to support 

CALRdel52 activity. This also provides evidence of an important distinction 

between the mechanisms of action between CALRdel52 and MPLW515L, where loss 

of H499 is capable of abrogating oncogenic activation of MPLW515L. That the 

activated MPL receptor is potentially qualitatively different in CALRdel52-mutated 

vs MPLW515L-mutated MPN could have important clinical implications in the 

design of therapeutic strategies to disrupt MPL signalling. 

 

Cumulatively, the findings presented in Chapters 3 and 4 could be potentially 

important in the development of therapeutic strategies for mutant CALR-positive 

MPN. For example, the data in Chapter 3 suggest that zinc chelation could be a 

novel treatment modality for CALR-mutated MPNs, and the data in Chapter 4  

highlight the significance of Tyr626 in CALRdel52 pathogenesis and suggest that 

antibodies that detect Tyr626 in MPN cells and could activate T cells and induce 

a cytotoxic response could be an exploitable strategy. However, in order to 

rationally design therapies that target the precise nature of the CALRdel52 and 

MPL interaction, further structural studies that can reveal the precise nature of 
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the CALRdel52-MPL interaction at the atomic level are crucial. These insights 

could facilitate therapies involving the design of antibodies, affimers or 

nanobodies that are able to specifically target CALR-mutant cells.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 Schematic representation of CALRdel52 binding to MPL on the 
cell surface.  In MPN cells, CALRdel52 stably associates with MPL to induce 

constitutive activation through the recruitment of JAK2 and subsequent tyrosine 

phosphorylation that result in the activation of STAT pathways. Upon Tyr626 

disruption, binding of CALR remains intact, however, STAT signalling is 

attenuated.  
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  Chapter 5 

Expression, purification and structural analysis of wildtype 

CALR and CALRdel52 purified from E. coli 

5.1 Introduction  

Until recently, structural data for CALR has been restricted to a crystal 

structure of the CALR N-domain and an NMR structure of the P-domain 

derived from rat CALR (L. Ellgaard et al., 2001; Chouquet et al., 2011; Kozlov 

et al., 2010). The N-domain crystal structure shows that human CALR, like 

its counterparts in calnexin (CANX) and mouse CALR, adopts a well-ordered 

globular shape characterised by a jelly-roll fold assembled into two anti-

parallel beta sheets, one being convex and the other being concave 

(Chouquet et al., 2011). The NMR structure of the P-domain revealed a 

hairpin fold involving the entire span of the polypeptide chain with two chain 

ends that does not fold back on itself (Ellgaard et al., 2001).  Recently, a 

structure of full length CALR was revealed using cryo-electron microscopy 

(cryo-EM) in complex with several other proteins within the human MHC-I 

peptide loading complex at a resolution of 5.8Å  (Blees et al., 2017). The 

structure of the full-length CALR protein was found to resemble that of the 

lumenal portions of CANX, in possessing a large, globular domain with an 

arm-like extension which reached around the MHC-I within the peptide 

loading complex with the tip of the arm interacting with the cochaperone 

ERp57. 
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MPN-associated CALR mutations create a mutant CALR protein (CALRdel52) 

that differs sequence-wise with wild-type CALR only within its C-terminus. 

The mutation causes a frameshift in the reading frame of the 3’ end of the 

CALR transcript, and leads to replacement of the acidic residues of the wild-

type C domain (mostly Glu and Asp) with basic residues in the mutant-

specific C terminus (mostly Lys and Arg). To date, very little structural 

information is available for the wildtype C-domain, as it is predicted to be 

highly structurally disordered and is characterised by an isoelectric point  (pI) 

of 3.98 (Shivarov et al., 2014). The full-length cryo-EM reconstruction, 

modelled the wild-type C-domain as a helical structure but with the caveat 

that this region was highly flexible (Blees et al., 2017). With regard to the 

CALRdel52 C-domain, computational prediction tools suggest it would exhibit 

a pI in the range of 10.09-12 (depending on the type of mutation) and would 

be predicted to be similarly disordered (Shivarov et al., 2014). As with the 

wild-type C-terminus, little is known about the structure of the mutant-specific 

C-terminus nor about the effect it has on the rest of the CALR protein. 

 

Resolving the atomic structure of proteins through NMR, electron microscopy 

and crystallography is crucial for our understanding of protein function and 

protein-protein interactions. In addition, resolving the structure of proteins 

could identify and elucidate particular domains that may be targetable as a 

therapeutic strategy in various diseases, including MPN. As CALR mutations 

are the second most common genetic lesion in MPN with no current targeted 

treatment regime, it is crucial to determine the structure of mutant CALR that 
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would enable the rational design of antibodies or affimers that can target 

CALR activity or induce an immune response against the CALR epitope.  

 

5.2 Aims and Hypothesis 

Elucidating the structure of CALRdel52 will significantly further our 

understanding of its role in the pathogenesis of MPN. I hypothesise that the 

CALRdel52 protein will display subtle structural differences to its wildtype 

counterpart. This investigation will be subdivided into three main aims: 

 

I. Optimise conditions for purification of wild-type and mutant calreticulin 

in bacterial expression systems; 

 

II. Test the functionality of these recombinant proteins by assessing its 

ability to bind to recombinant MPL; 

 

III. Use electron microscopy to identify potential differences in structure 

of mutant calreticulin relative to wildtype calreticulin. 
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5.3 Results 

5.3.1 Cloning 

To express calreticulin (WT and CALRdel52) in E. coli, the pOPIN vector 

system was used which demonstrates robust expression in both bacterial and 

eukaryotic systems. Wildtype and mutant CALR cDNAs were PCR amplified 

and cloned into a pOPINJ vector which introduces a dual GST-6xHis tag in 

frame to the CALR cDNA at the N-terminus.  Successful cloning of CALR 

cDNAs was verified by diagnostic restriction digest and diagnostic PCR 

(Figure 5.1), and constructs were verified to contain the CALR cDNA in frame 

with the GST-6xHis tag by sequencing.  
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Figure 5.1 Successful cloning of CALRWT and CALRdel52 genes into 
pOPINJ vector. Diagnostic PCR electrophoresis image that confirmed 

successful cloning by PCR (upper panel) and restriction digest (lower panel). 

The successful clones were sent for DNA sequencing to confirm the gene of 

interest (indicated in red circle). Results are representative of 2 independent 

experiments. 
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5.3.2 Expression and small scale purification of CALRWT and 

CALRdel52 

A small scale screening was first performed to identify bacterial strains and 

growth condition that could best support protein production of wild-type CALR 

and CALRdel52. The pOPINJ-CALRWT and pOPINJ-CALRdel52 plasmids were 

transformed into 9 different E. coli expression strains and expanded under 3 

different temperatures. Automated purification on Ni-NTA columns to bind the 

His-tag was performed using a Hamilton robot as described in section 2.15 

and purified proteins were analysed on SDS-PAGE and visualised by 

Coomassie blue staining. The screening demonstrated that robust 

purification of CALRWT could achieved using four different expression strains 

at 18°C (Figure 5.2A, top panel). In contrast, CALRdel52 purification was 

significantly more challenging, and only Rosetta cells were able to stably 

express and allow purification of CALRdel52 at both 18°C and 25°C (Figure 

5.2B, top panel). Rosetta cells are BL21 derivative strains which express 

tRNAs for rare codons (AGG, AGA, AUA, CUA, CCC and GGA), which may 

suggest that these residues are important for synthesis of CALRdel52. Of note, 

AGG and AGA encode arginine, an amino acid that is over-represented in 

the mutant C-terminus of CALRdel52. These bands were confirmed to 

correspond to CALR by western blotting (Figure 5.2A-B, bottom panels). 

Therefore, from these expression and purification trials, it was determined 

that Rosetta cells provided an ideal expression strain for large scale 

purification of recombinant CALRdel52, and Rosetta-2 cells was an ideal strain 

for large scale purification of CALRWT.  
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Figure 5.2 Small scale expression and purification of CALRWT and 

CALRdel52 in various E. coli strains. Purified CALRWT (A) and CALRdel52 (B) 

proteins were purified from various E. coli lines using Ni-affinity purification, 

and analysed by SDS-PAGE and western immunoblotting. Induction was 

performed at 18°C. Results are representative of 2 independent experiments. 
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5.3.3 Large scale purification of recombinant CALRWT and 

CALRdel52 

Next, large scale expression was performed. For purification of recombinant 

CALRWT, 2L of pOPINJ-CALRWT-expressing Rosetta-2 cells were grown at 

18°C and bacterial lysates were prepared for standard AKTA His-affinity 

purification as described in section 2.16 (Figure 5.3A). Following affinity 

chromatography, elution fractions that contained traces of proteins were 

analysed by SDS-PAGE to determine if these proteins corresponded to 

CALR.  Total lysate, flow through and wash fractions were also collected and 

analysed. A single elution peak was seen with 800mAU absorbance, and 

corresponded to a major protein species at ~75 kDa which corresponds to 

the molecular weight of CALR (48 kDa) combined with the GST and 6xHis 

tags (26 kDa) (Figure 5.3B, upper panel). western blotting was also 

performed and confirmed that the most dominant band seen through 

Coomassie staining corresponded to CALRWT (Figure 5.3B, lower panel).  

 

Next, since the elutions still contained protein contaminants, elution fractions 

were pooled and subjected to size exclusion chromatography. AKTA traces 

showed multiple high molecular weight peaks that suggest potential protein 

multimers (Figure 5.4A). These proteins were resolved on SDS-PAGE and 

stained with Coomassie blue, and revealed purified proteins corresponding 

to the molecular weight to GST-CALRWT (Figure 5.4B). 
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Figure 5.3 Large scale purification of CALRWT (A) Representative AKTA 

trace demonstrating a single peak eluted out of the column. Blue lines 

represent UV wavelength, green represents concentration of elution buffer 

and orange represents conductivity. (B) Coomassie staining (upper panel) 

and western blots (lower panel) of representative elution fractions from Panel 

A. Strong bands at 75kDa corresponds to CALRWT. These results are 

representative of three independent experiments. Results are representative 

of 3 independent experiments. 
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Figure 5.4 Further purification of recombinant CALRWT by size 
exclusion chromatography (SEC). (A) AKTA trace image of SEC showing 

multiple high molecular weight peaks that eluted at various fractions. 

Estimated sizes according to Superdex S200 columns indicative of tetramers, 

pentamers, heptamers and aggregates. (B) Coomassie staining of 

representative elution fractions from Panel A. Results are representative of 3 

independent experiments. 

A 
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Next, the same protocol was used to express and purify recombinant 

CALRdel52. Given the reported instability of CALRdel52, I used a higher starting 

volume culture of 8 L of pOPINJ-CALRdel52-expressing to produce the 

CALRdel52 protein. Rosetta cells was used given previous evidence that it was 

able to support production of CALRdel52. Following Ni-NTA affinity 

chromatography, the peaks were analysed prior to SDS-PAGE. In contrast to 

CALRWT, two broad protein peaks (called Peak 1 and Peak 2) were observed 

on the AKTA traces corresponding to two potentially distinct protein species 

(Figure 5.5). The elution fractions corresponding to these 2 peaks were 

analysed SDS-PAGE, and analysed by Coomassie blue staining and western 

blotting. The Coomassie blue staining demonstrated that the quantity of 

proteins in the elution fractions were generally lower and far more non-

specific than was seen for the purification of CALRWT proteins. This was 

evidenced by significantly more non-specific bands, and the expected major 

protein species representing a smaller component of the total proteins in each 

elution fraction (Figure 5.6A). Western immunoblotting was performed on 

these fractions, and indicated that Peak 1 was likely a contaminant protein(s) 

whilst Peak 2 corresponded to CALRdel52 (Figure 5.6B). As with the CALRWT 

purification process, size exclusion chromatography was performed to further 

purify the sample, but this failed to improve the purity of CALRdel52 proteins 

but rather led to dilution of the protein samples. Therefore, it was opted to 

proceed with the CALRdel52 proteins that were purified following only the 

single Ni-NTA affinity purification step.  
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Finally, the identity of both CALRWT and CALRdel52 samples was confirmed to 

mass spectrometry (Figure 5.7). There was significantly better coverage for 

the CALRWT protein sample, likely reflecting the greater abundance of protein 

that was achieved and the increased purity of the sample, compared to 

CALRdel52. Nevertheless, peptides were obtained for both proteins, including 

sequences derived from the wild-type-specific and mutant-specific C-termini. 

 

 

Figure 5.5 Large scale purification of CALRdel52. Representative AKTA 

demonstrating two broad peaks. Blue lines represent UV wavelength and 

green represents concentration of elution buffer.  Results are representative 

of 5 independent experiments. 
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Figure 5.6 Confirmation of presence of CALRdel52 in large scale 
purification. (A) Coomassie staining of pellet, flow through, washes and 

every other elution fractions from the AKTA Ni-NTA affinity chromatography. 

Peak 2 elutions was distributed over fractions Plate 1.E1- Plate 2.C9 in an 

elution volume of 40.5 mL and a concentration of 1.307 mg/mL and total mass 

of 52.9mg. (B) Representative Coomassie staining and western blotting of 

selected fractions from Panel A demonstrating that the Peak 2 corresponded 

to CALRdel52. Results are representative of 5 independent experiments. 
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Figure 5.7 Mass spectrometry analysis confirms identify of the purified 
protein as CALR. Mass spectrometry analysis of recombinant CALRWT 

demonstrate very good coverage and confirmed presence of peptides 

corresponding to wildtype CALR (including 2 peptides corresponding to the 

wild-type C-terminus). (B) Mass spectrometry analysis of recombinant 

CALRdel52 demonstrate moderately lower coverage but confirmed presence 

of CALRdel52 sequence (including 1 peptide corresponding to mutant-specific 

C-terminus). Blue line indicates individual peptide coverage. Results are 

representative of 2 independent experiments. 
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5.3.4 Cleavage of GST Tag from Purified CALRWT and CALRdel52  

The purified CALRWT and CALRdel52 contains a large ~26kDa GST-6xHis tag 

in its N-terminus which could impair its functional activity. To test this, GST-

pulldowns was performed using recombinant CALRWT or CALRdel52 and 

commercially-available recombinant MPL. I observed that a recombinant 

GST-tagged CALRdel52 was unable to bind to MPL and that the addition of a 

GST tag in the CALRdel52 N-terminus significantly impaired this key oncogenic 

activity (Figure 5.8A).  Moreover, 293T cells were transfected pOPINJ-

CALRWT and pOPINJ-CALRdel52 in conjunction with MPL and subjected to 

GST-pulldown assays, and also demonstrated an inability to interact (Figure 

5.8B). In contrast, CALRdel52 fused with a FLAG epitope (which is a smaller 

tag) was still able to bind MPL in FLAG-pulldown assays (Figure 5.8C). 

 

This implied that cleavage of the GST tags is required for the CALRdel52 

protein to be functional. Theoretically, the GST tag can be removed from the 

N-terminus of CALR by a 3C protease. The cleavage reaction was performed 

in a pair of linked columns, with the first column containing GST beads and 

the second containing nickel beads. GST-tagged CALR was bound to the first 

column, and exposed to a His-tagged 3C protease that can cleave the 

recombinant protein between the GST and the N-terminus of the CALR 

protein on-column and release the untagged CALR protein. The His-tagged 

3C is trapped in the second nickel column, while the cleaved CALR protein 

released from the GST column would be predicted to flow through the nickel 

column.   
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Figure 5.8 The GST tag disrupts binding capacity of CALRdel52 to MPL. 
(A) GST-pulldowns using recombinant CALRWT or CALRdel52, and 

commercially-available recombinant MPL. (B) GST-pulldowns of 293T cell 

lysates transiently transfected with pOPINJ-CALRWT and pOPINJ-CALRdel52 

and MPL-expression vector. (C) FLAG-pulldowns of 293T cell lysates 

transiently transfected with FLAG-tagged CALRWT and CALRdel52 and 

pOPINF FLAG-tagged CALRWT and CALRdel52. Results are representative of 

2 independent experiments. 
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Using this strategy, cleavage of the GST tag from CALRWT was attempted. I 

observed that there was successful cleavage of GST-CALRWT, and a protein 

species corresponding to untagged CALRWT after treatment with His-3C 

protease (elutions 1-5) (Figure 5.9A). Subsequent elution using glutathione 

was able to elute uncleaved GST-CALRWT and the GST tag left behind from 

previously successful cleavage events (elutions 6-12) (Figure 5.9B). This 

suggests that the cleavage conditions for CALRWT is not fully optimal, as there 

still appeared to be uncleaved proteins remaining on the GST column. 

Nevertheless, the uncleaved CALRWT proteins were successfully obtained in 

multiple fractions for future analysis.  

 

Next, the same strategy was applied to GST-CALRdel52 proteins to remove 

the GST tag. However, this cleavage process was significantly less efficient. 

I observed that very little cleaved CALRdel52 was observed in the unbound 

eluates and was heavily contaminated with GST-tagged (uncleaved) 

CALRdel52 (Figure 5.10A, lane 6). Examination of the protein remaining on 

the GST beads (Figure 5.10A, lane 5) revealed that the majority of CALRdel52 

protein remained bound to the beads and that this pool of CALRdel52 protein 

contains both cleaved and uncleaved species. Attempts to elute the 

CALRdel52 proteins off the beads were inefficient (Figure 5.10A, lane 3) and 

the eluted fractions were prone to precipitation (Figure 5.10A, lane 4). In all 

fractions examined, there was co-presence of both cleaved and uncleaved 

CALRdel52 proteins, which was seen by Coomassie blue staining (Figure 
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5.10A) and confirmed by western immunoblotting to correspond to CALR 

protein species (Figure 5.10B).  

 

I next attempted to separate the GST-tagged and untagged proteins from 

each other based on size using size exclusion chromatography (SEC). AKTA 

traces of the SEC analysis demonstrated the existence of three major peaks. 

Comparison with size standards revealed that Peak 1 was a protein complex 

with a molecular size of at least 600kDa, while the sizes of Peaks 2 and 3 

were too small to be seen by SDS-PAGE and was assumed to be DNA and 

RNA contaminants (Figure 5.11A). SDS-PAGE of elution fractions 

representing these 3 peaks revealed the presence of proteins of ~45kDa and 

~75kDa in Peak 1 and no proteins in Peaks 2 and 3 (Figure 5.11B), and 

western immunoblotting using a CALR-specific antibodies confirmed the 

protein species in Peak 1 to correspond to CALR and likely reflect both GST-

tagged and -untagged forms CALRdel52 (Figure 5.11C). Cumulatively, these 

data indicate that CALRdel52 protein was susceptible to aggregation and/or 

multimerisation, which limited the ability to purify these proteins in isolation.  
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Figure 5.9 Tag cleavage was successful for CALRWT. (A) AKTA trace 

image of GST Tag cleavage for CALRWT. (B) Coomassie staining of eluted 

fractions. Results are representative of 2 independent experiments. 
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Figure 5.10 Successful cleavage of CALRdel52 following manual 
overnight cleavage. (A) Coomassie staining and (B) Western blotting of 

manual GST tag cleavage removal of CALRdel52 using 3C-His protease. 

Results are representative of 3 independent experiments. 
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Figure 5.11 Size exclusion chromatography was unable to separate 
GST-tagged and untagged CALRdel52. (A) AKTA trace image of size 

exclusion chromatography showing three peaks that eluted at various 

fractions. Estimated sizes according to Superdex S200 columns indicative of 

aggregates, DNA and RNA. (B) Coomassie staining of eluted fractions from 

Panel A showed presence of ~45kDa and ~75kDa protein species in Peak 1. 

(C) Western blots of elution fractions from Peak 1 shows both protein species 

correspond to CALR proteins. Results are representative of 2 independent 

experiments. 
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Lastly, to test whether the purified CALRdel52 was still functionally active, co-

immunoprecipitation was performed. Western immunoblotting of 

preparations of cleaved and uncleaved CALRWT and CALRdel52 confirmed the 

identity of each protein preparation, and verified that the “cleaved CALRdel52” 

sample reflected a mixture of GST-tagged and GST-untagged CALRdel52 

(Figure 5.12). Previous results showed that a GST-tagged CALRdel52 was 

incapable of binding to MPL (Figure 5.8). However, I hypothesised that it 

might be possible that GST-tagged CALRdel52 would be able to 

coimmunoprecipitate with MPL indirectly in the presence of the non-tagged 

CALRdel52 acting as a bridge. I therefore performed a GST pulldown using the 

“cleaved CALRdel52” sample spiked with recombinant MPL. As expected, 

“uncleaved CALRdel52” sample (reflecting GST-tagged CALRdel52) was 

incapable of binding to MPL (Figure 5.13, lane 3). Remarkably, the “cleaved 

CALRdel52” sample (reflecting a mixture of non-tagged and GST-tagged 

CALRdel52) was able to coimmunoprecipitate with MPL, presumably in an 

indirect manner (Figure 5.13, lane 4). These data suggest that the 

subpopulation of untagged CALRdel52 protein in the sample was functionally 

active. 
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Figure 5.12 Western immunoblotting analysis of preparations of 
cleaved and uncleaved CALRWT and CALRdel52 samples. Western 

immunoblotting demonstrates that the “cleaved CALRdel52” sample 

represents a mixture of GST-tagged and untagged CALRdel52. Results are 

representative of 2 independent experiments. 
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Figure 5.13 Cleaved CALRdel52 proteins retain MPL binding capacity. 
GST pulldown of “cleaved CALRdel52” sample mixed with recombinant MPL 

demonstrate that GST-tagged CALRdel52 was able to pull down MPL only in 

the presence of the untagged protein in the protein mixture. Results are 

representative of 2 independent experiments. 
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5.3.5 Structural and Functional Analysis 

Given the sample heterogeneity in the CALRdel52 sample (which reflects the 

presence of both GST-tagged and untagged protein species simultaneously) 

and the inability to separate these two pools by SEC, these samples were 

subjected to use electron microscopy (EM) to derive structural information 

and to potentially separate out distinct classes to distinguish between GST-

tagged and untagged forms.  Both purified GST-tagged and untagged 

CALRWT and the post-cleavage CALRdel52 protein sample (which includes 

GST-tagged and untagged species) were prepared onto the carbon grids and 

examined by electron microscopy (Figure 5.14).  

 

A total of 40634 and 21499 particles were examined for GST-tagged and 

untagged CALRWT proteins, respectively (Figure 5.15A) and used to 

construct a structure for both protein species. The models indicated that the 

presence of a GST tag on CALRWT created a more compact “dumb-bell” 

structure (Figure 5.15B, left), whereas removal of the GST tag created a 

structure that comprised a prominent globular domain with an extended arm 

(Figure 5.15B, right) that is reminiscent to the CALR 3D model from previous 

published data (Blees et al., 2017) when overlaid (Figure 5.15C).  

 

For CALRdel52, a total of 36476 particles were examined for the post-cleavage 

CALRdel52 protein sample. Identification of different shapes were able to 

separate two major classes (13532 particles and 22944 particles) (Figure 

5.16A). EM reconstructions identified that one class of particles exhibited a 
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compact shape that was similar to the GST-tagged CALRWT protein above 

while the other class exhibited a protein with a prominent globular domain 

and an arm-like extension similar to the structure observed with untagged 

CALRWT (Figure 5.16B) were overlaid with the existing previously published 

data (Blees et al., 2017) (Figure 5.16C). These data are consistent with the 

fact that the purified proteins likely correspond to GST-tagged and untagged 

versions of CALRdel52, and that cryo-EM is a valid technology to visualise 

structure differences in CALRdel52, but the purity of CALRdel52 preparation 

need to be improved to allow for higher resolution deductions. 
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Figure 5.14 Negative staining EM staining images of recombinant CALR 
proteins. Representative images from negative EM staining of CALR 
species following CTF correction using RELION. Results are representative 
of 3 independent experiments. 
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Figure 5.15 Structural analysis of CALRWT. (A) 2D Classification of 
cleaved variants of CALRWT by RELION. (B) 3D initial model of uncleaved 
(left panel) and (cleaved) CALRWT. (C) 3D initial model overlaid with existing 
cryo-EM CALRWT structure (Blees et al., 2017). Red structure denotes 
CALR; green structure denotes GST. Results are representative of 3 
independent experiments. 
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Figure 5.16 Structural analysis of CALRdel52. (A) 2D Classification of 

cleaved variants of CALRdel52 by RELION. (B) 3D initial model of 2 classes of 

CALRdel52 particles. (C) 3D initial model overlaid with existing cryoEM 

CALRdel52 structure (Blees et al., 2017) suggests one class corresponds to 

GST-tagged (left panel) and one class of particles corresponds to GST-

untagged (right panel). Red structure denotes CALR; green structure denotes 

GST. 
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5.4 Discussion 

The aim of this investigation was to express and purify wildtype and mutant 

versions of CALR for downstream functional and structural analysis. Despite 

of the various barriers and challenges faced during expression and 

purification of the recombinant proteins, it was indeed possible to produce 

recombinant proteins at a sufficient yield for preliminary negative EM 

reconstruction.  

 

Initial purification of CALRWT showed a stable recombinant protein that was 

easily purified following one large scale growth. This was unsurprising since 

CALRWT purification has been routinely performed in various biochemical 

assays (Andrin et al., 2000; Corbett et al., 2000). In contrast, it was 

significantly more challenging to purify CALRdel52 proteins that were suitable 

for structural analysis. The challenges to this were due to two major issues: 

instability of CALRdel52 in cells which has been reported by others (Marty et 

al., 2016; Han et al., 2016; Li et al., 2018), and the tendency of CALRdel52 to 

aggregate. 

 

The aggregation/oligomerisation of CALRdel52 was an especially challenging 

technical problem. The size exclusion chromatography traces of CALRdel52 

displayed a single large peak of more than 600 kDa indicative of an 

aggregate. This supports recent reports that showed the ability of CALRdel52 

to form high molecular weight structures in comparison to its wildtype 
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counterpart (Araki et al., 2019). Furthermore, it was also shown that this 

homomultimerisation seems to be critical for MPL binding and activation, 

which is consistent with our findings that it was easier to purify a GST-tagged 

CALRdel52 that was functionally inactive than a GST-untagged protein that 

was functionally active. These data also suggest that this oligomerisation was 

very stable. Previous studies have shown this can partially reversed upon 

addition of higher concentration of urea and SDS (Jørgensen et al., 2003), 

but this would make the resulting samples unsuitable for structural analysis. 

Given the tendency of CALRdel52 to prefer to not exist in a monomeric state, 

future attempts to purify CALRdel52 should perhaps be based on a strategy of 

co-purifying it in complex with a known partner, such as MPL.  

 

Nevertheless, this present study generated preliminary negative EM staining 

data and derived preliminary reconstructions and models for CALRWT and 

CALRdel52.  These data suggest that GST-tagged and –untagged versions of 

CALRdel52 appear different, which is consistent with the fact that they have 

different functionalities in terms of engendering MPN phenotypes. In contrast, 

the structures of CALRWT and CALRdel52 exhibit very similar structures, 

although the resolution achieved in these studies are likely too low to make 

significant interpretations regarding differences between CALRdel52 and 

CALRWT. Further studies are required to generate higher resolution structures 

to elucidate structural differences in CALR conformation associated with the 

mutant C-terminus. 
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Chapter 6 

General Discussion 

 

MPN are clonal disorders characterised by proliferation of mature myeloid 

cells (Nangalia and Green, 2014). These disorders are associated with 

differentially expressed inflammatory cytokines, abnormal peripheral blood 

count and extramedullary haematopoiesis (Arber et al., 2016). The discovery 

of driver mutations in JAK2, MPL and CALR in MPN have significantly 

advanced our understanding of the  mechanisms underlying the 

pathogenesis of these disorders (Levine et al., 2005; James et al., 2005; 

Kralovics et al., 2005; Baxter et al., 2005; Beer et al., 2008; Nangalia et al., 

2013; Pikman et al., 2006; Klampfl et al., 2013). These driver mutations are 

usually mutually exclusive and have been demonstrated to share a common 

characteristic feature of constitutive activation of JAK-STAT pathway. 

However, the exact mechanisms of JAK-STAT constitutive activation and 

molecular pathology of these mutations are not clearly understood in some 

instances, and therefore there is a need for further investigation to improve 

treatment outcomes.  

 

Indel mutations in the CALR gene represent the second most common 

mutation in MPN (Nangalia et al., 2013; Klampfl et al., 2013). Numerous 

studies have determined a strong association of MPL activation and mutant 

CALR (CALRdel52) in MPN pathophysiology (Chachoua et al., 2016; Elf et al., 

2016). CALRdel52 is thought to bind and activate MPL for its oncogenic activity. 

Furthermore, it was also determined that the positively charged novel C-
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terminus of CALR is necessary to facilitate binding to MPL (Araki et al., 2016; 

Chachoua et al., 2016; Marty et al., 2016; Elf et al., 2016). However, despite 

the numerous research efforts in understanding the molecular pathology of 

CALRdel52, there are still gaps in our understanding of its mechanism of action 

including: other regions of CALR that contribute to its activity, the regions of 

MPL that are essential for transducing CALRdel52 oncogenic activity and a 

detailed understanding of the structure of CALRdel52. This investigation aims 

to address these questions. 

 

To determine regions of the globular N-domain of CALRdel52 that are essential 

for its function, a thorough alanine mutagenesis screen was performed as 

described in Chapter 3. Candidate residues identified in the alanine screen 

to be relevant for CALRdel52 oncogenic activity are involved in two functional 

motifs: lectin activity and the zinc binding motifs. This study prompted 

downstream functional analysis of both functional groups that led to 

numerous interesting insights, including: i) the lectin motif is critical in MPL 

binding and activation of signalling cascade, ii) the zinc binding motif is 

important in the ability of CALRdel52 to homomultimerise and bind MPL, iii) 

zinc chelation leads to loss of MPL binding and attenuation of STAT signalling 

specifically in cells expressing CALRdel52. These data have potential clinical 

implications and suggest that disrupting zinc homeostasis may be a possible 

therapeutic avenue for treatment of MPNs.  

 

Despite the established dependency on MPL for CALRdel52-mediated 

oncogenic activity, the precise mechanism of how MPL is activated by 
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CALRdel52 is not clearly understood. In Chapter 4, the role of tyrosine 

phosphorylation was tested to determine if CALRdel52 activates MPL in a 

similar mechanism to that of the natural MPL ligand, thrombopoietin (TPO). I 

demonstrate that CALRdel52 does indeed co-opt canonical MPL signalling and  

identified a specific residue, Tyr626, that is absolutely critical in STAT5 

recruitment and activation. Furthermore, this present study also determined 

that other residues in MPL implicated in TPO binding and eltrombopag 

binding are dispensable for supporting CALRdel52 activity. These data 

highlight that although CALRdel52 can lead to activation of downstream 

canonical TPO signalling pathways, it does not activate MPL in the same 

manner as TPO extracellularly. Moreover, CALRdel52 also does not act 

analogously to eltrombopag by binding to the H499 residue in the MPL 

transmembrane domain. The precise mechanism by which the CALRdel52-

MPL binding event happens therefore warrants further investigation. 

 

Given this and that the relationship between CALRdel52 and MPL is absolutely 

critical in facilitating oncogenic transformation, it is therefore necessary to 

decipher the molecular structure of both proteins to further understand the 

structural relationship of these two proteins.  Through NMR and X-ray 

crystallography, the globular N-domain and P-domain have been resolved 

(Chouquet et al., 2011; L Ellgaard et al., 2001). More recently, the full 

structure of wildtype CALR has been resolved following purification and cryo-

EM structural analysis of MHC complex I (Blees et al., 2017). Chapter 5 

described in detail the trying journey of attempting to purify CALRdel52 in E. 

coli. Although purification of wild-type CALR was successful in my hands, 
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significant technical challenges arose when attempting to purify CALRdel52. 

These technical challenges included low protein yield in E. coli, instability of 

the CALRdel52 in cells and in vitro, and the tendency of CALRdel52 to 

oligomerise/aggregate as evidenced by high molecular forms. These 

multimers however are consistent with recent reports that CALRdel52 can 

homomultimerise (Araki et al., 2019). Future work should focus on co-

expressing both proteins in mammalian cells to ensure that correct MPL 

posttranslational modifications are made and to co-purify the entire complex 

which may ameliorate the issues of protein stability and aggregation.  

 

Collectively, the results in this thesis provides numerous insights into 

CALRdel52 activity, including elucidating novel biochemical properties and 

signalling pathways that are required for it to exert its oncogenic effects.  
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