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ABSTRACT 

Approximately 20% of patients with myeloproliferative neoplasms (MPNs) harbor mutations in 

the gene calreticulin (CALR), with 80% of those mutations classified as either type 1 or type 2. 

Current targeted therapies for CALR mutated MPNs are not curative and fail to differentiate 

between type 1 versus type 2 mutant CALR-driven disease, despite the different phenotypic and 

prognostic outcomes in these patients. To improve treatment strategies for CALR mutated MPN 

patients, it is critical to identify specific dependencies unique to each CALR mutation type that can 

be exploited for therapeutic gain. Molecularly, type 2 CALR mutant proteins retain many of the 

calcium binding sites present in the wild type protein, while type 1 CALR mutant proteins lose 

these residues. The functional consequences of this differential loss of calcium binding sites 

remain yet unexplored. Here, we show that the loss of calcium binding residues in the type 1 

mutant CALR protein directly impairs its calcium binding ability, which in turn leads to depleted 

endoplasmic reticulum (ER) calcium and subsequent activation of the IRE1/XBP1 pathway of 

the unfolded protein response (UPR). Genetic or pharmacological inhibition of IRE1/XBP1 

signaling induces cell death only in type 1 mutant but not type 2 mutant or wild type CALR-

expressing cells and abrogates type 1 mutant CALR-driven MPNs disease progression in vivo. In 

a continued line of research, we aim to define the role of the RNA 2', 3'- cyclic phosphate and 5'-

OH ligase (RTCB) in CALR mutant MPNs. RTCB is the primary ligase responsible for the re-

joining of XBP1 mRNA exons upon IRE1 splicing. Given our previous findings showing that 

the IRE1-XBP1 pathway is critical in type 1 mutant CALR-driven MPNs, we aim at dissecting 

its XBP1-dependent vs independent functions and whether RTCB targeting represents a novel 

target in this disease. Separately, given the need to dissect the molecular players and mechanisms 

involved in myelofibrosis, this work aims to develop a cell-based system that mimics the 



 

 xvii 

pathological features of myelofibrosis in vitro. Overall, this work is the first to demonstrate that 

type 1 and type 2 mutant CALR-expressing cells display differential molecular dependencies that 

can be targeted for therapeutic gain. Moreover, this study answers an enduring question regarding 

the functional consequence of the loss of calcium binding sites on the type 1 mutant CALR protein 

and demonstrates how type 1 CALR mutant-expressing cells rewire the UPR, downstream calcium 

signaling, and apoptotic pathways to drive MPNs.  
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CHAPTER 1: INTRODUCTION 

Chapter 1 consist in part of the introduction section from Ibarra and Elbanna et al., Blood Cancer 

Discovery (2022); see publications section.  

1.1 Hematopoiesis and blood cell formation:  

Hematopoiesis is a multi-step orderly process responsible for blood cell formation (1,5,6). This 

process starts in the bone marrow (BM) and is tightly regulated by a complex network of cell-

intrinsic and environmental factors (1). As a lifelong process, hematopoiesis starts in the early 

embryo and continues to be replenished throughout adulthood (8). In the human body 

hematopoiesis supplies with >100 billion mature blood cells per day involved in a variety of 

functions including oxygen delivery, immunity, and tissue remodeling (3,7,8).  Given the ongoing 

production of a vast and wide variety of blood cell types, this process is highly regulated and 

requires a highly responsive control system (6). Hematopoietic stem cells (HSCs), which are small, 

rare (1 per 105 bone marrow cells), mononuclear noncycling or extended cycling cells, sit at the 

top of hierarchy in the mammalian hematopoietic system (8, 39,40).  HSCs are capable of self-

renewal as well as differentiation to give rise to all mature functional hematopoietic cell types 

through the production of lymphoid or myeloid progenitor cell lineages (common lymphoid 

progenitors, CLPs, and common myeloid progenitors, CMPs, respectively) (4,9) (Figure 1.1) 

To achieve mature cell status, HSCs undergo differentiation, which is influenced by a 

variety of regulatory pathways largely controlled by cytokines. For instance, HSC to CLP has 

shown to be dependent on interleukin 7 (IL-7), while CMP differentiation relies on stem cell factor 

(SCF) and thrombopoietin (TPO) (10,11). Both CMP and CLP lineages can further differentiate 

into downstream progenitors, further giving rise to mature cells. In the case of CLP differentiation, 

this can result in functional T-cells, NK cells, and B cells. On the other hand, CMP differentiation 
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can give rise to megakaryocytes, platelets (thrombocytes), red blood cells (erythrocytes), 

monocytes, and neutrophils, eosinophils, which are involved in process including oxygen 

transport, wound repair, innate and acquired immunity, inflammation, and homeostasis. (10, 11). 

Notably, TPO is required for CMPs to differentiate into megakaryocytes and platelets, while red 

blood cell maturation is regulated by erythropoietin (EPO) signaling (12, 13, 14) (Figure 1.1).  

 

 

 

 

 

 

 

 

Figure 1.1 Human hematopoiesis and differentiation. Hematopoietic stem cells (HSCs) and 

giving rise to common myeloid progenitors (CMP) and common lymphoid progenitors (CLP) 

and their respective mature functional lineages. Key cytokines and growth signals involved in 

differentiation and cell identity maintenance are shown. SCF, stem cell factor; TPO, 

thrombopoietin; IL-3, interleukin 3; GM-CSF, granulocyte-macrophage colony-stimulating 

factor; IL-11, interleukin 11; EPO, erythropoietin; M-CSF, Macrophage colony-stimulating 

factor; G-CSF, granulocyte colony-stimulating factor; IL-5, interleukin 5; IL-7, interleukin 7; 

IL-2, interleukin 2; IL-15, interleukin 15; IL-4, interleukin 4. Legend and column on the right 

indicates cell state, and location, respectively. (Figure adapted from Metcalf, 2008., Robb 

2007) (10, 11). (Generated in BioRender) 
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 Hematological malignancies and myeloid cancers:  

Hematological malignancies (HMs) are a group of diverse diseases connected to the bone 

marrow, blood, and lymphatic systems, characterized by uncontrolled cell growth (15, 16). HMs 

encompass plasma cell cancer or myeloma, lymphomas, and leukemias (15).  Myelomas result 

from the abnormal production of mature plasma B-cells, which are involved in the production of 

monoclonal and heavy-chain proteins (18). Lymphoma develops in immune cells known as 

lymphocytes (T or B lymphocytes) found in the lymph nodes, spleen, thymus, and bone marrow, 

as well as in other body organs (17, 19). Leukemias (whether lymphoid or myeloid), arise in blood-

forming cells and are characterized by the excess production of abnormal white blood cells in the 

bloodstream and hematopoietic organs (e.g., BM, spleen, tonsils) (17, 27). Worldwide, HMs 

account for 1.2 million new cases of cancer each year and around 7% of all malignancies that are 

diagnosed for the first time, while leukemia accounts for 2.5% of all cancer diagnoses with more 

than 400,000 new diagnosed each year (17). 

A further form of hematological malignancies are myeloid malignancies, which are clonal 

disorders of myeloid progenitor cells. These develop as result of genetic and epigenetic changes 

that interfere with crucial myeloid cell-lineage processes, including self-renewal, proliferation, and 

differentiation. These malignancies include both chronic stages, such as myeloproliferative 

neoplasms (MPNs) and myelodysplastic syndromes (MDS), as well as acute stages such as acute 

myeloid leukemia (AML).  Notably, AML can occur de novo (~80% of the cases) or evolve from 

a chronic stage (e.g., secondary AML) (20). 
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1.3 Myeloproliferative neoplasms: 

MPNs are a heterogenous collection of bone marrow-derived malignancies, which result in the 

increased proliferation of mature myeloid blood cells. The cumulative yearly incidence of these 

illnesses is 1–5 cases/100,000 patients, with most of these patients being adult to elderly (21, 22). 

Given the extensive clinical-pathological and molecular understanding of MPNs, which dates to 

1951 when William Damashek first recognized these group of malignancies, the world health 

organization (WHO) currently classifies MPNs into four major sub-groups based on their shared 

pathological, clinical, and molecular features. These four groups include (a) Chronic Myeloid 

Leukemia (CML); (b) classical Philadelphia-negative MPNs; (c) non-classical Philadelphia-

negative MPNs (Chronic Neutrophilic Leukemia, CNL; Chronic Eosinophilic Leukemia, CEL); 

and (d) MPNs, unclassifiable (MPNs-U) (23). This final group accounts for MPNs that have 

aberrant molecular characteristics or clinical-pathological mismatches that are poorly defined (22, 

23, 37).  

1.4 BRC-ABL-negative myeloproliferative neoplasms:  

The BCR–ABL-negative MPNs comprise three distinct mature myeloid cell proliferative 

diseases defined cytogenetically by the lack of the Philadelphia chromone or bcr/abl fusion gene, 

as found in other forms of myeloid malignancies such as acute myeloid leukemia (AML) or chronic 

myeloid leukemia (CML) (24, 38). These three forms of MPNs are classified as: polycythemia 

vera (PV), essential thrombocythemia (ET), and myelofibrosis (MF). PV is characterized by over 

proliferation of red blood cells, which can result in blood thickening and increased risk of 

hemorrhage, thrombosis, and splenomegaly (41, 42, 242-244) (Figure 1.2).  Treatment for PV 

commonly involves the use of phlebotomy (blood removal) and blood thinner medications such as 

low-dose aspirin (43, 44).  ET is defined by megakaryocytic hyperplasia and thrombocytosis, 
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which can lead to an increased risk of blood clots (242-244). ET treatment commonly involves 

cytoreductive therapy or aims at reducing the platelets and number of thrombotic events, such as 

through the administration of hydroxyurea (45, 46). MF is a third form of MPNs, which is defined 

by megakaryocytic hyperplasia, abnormal collagen deposition, and fibrotic remodeling of the bone 

marrow stromal cells (242-244). There is no cure for MF outside of allogenic stem cell 

transplantation, and existing treatments are mainly palliative (47, 48, 49).  

In addition, pre-fibrotic myelofibrosis (pre-PMF), which separates a subset of patients with 

slight phenotypic changes from ET and a greater rate of progression to myelofibrosis, has been 

included in the new WHO classification of MPNs (27). Notably, some of the shared clinical 

characteristics of these forms of MPNs include the presence of malignant transformed cells that 

do not require growth factors for proliferation, hypercellularity of the bone marrow, an elevated 

risk of thrombotic events and bleeding, and spontaneous progression to AML (26).  
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AML is a heterogeneous disease marked by the clonal growth of myeloid progenitors 

(blasts) in the bone marrow and peripheral circulation (71). As an aggressive malignancy, that 

leads to symptoms related to bone marrow failure and organ infiltration, if untreated, AML is a 

universally fatal condition and life-threatening complications can quickly develop in 

asymptomatic patients (72). If untreated, AML median survival is average 2-months and a 2-year 

survival of 6% (73, 74).  

Although AML typically manifest as de novo it is important to highlight that AML can 

result in patients with underling hematological disorders such as MPNs and/or as a direct result of 

mutations acquired through earlier treatment such as chemotherapy or radiation therapy (75, 76, 

Figure 1.2 BRC-ABL-negative myeloproliferative neoplasms. Development and 

pathobiological features of the three different types of MPNs; polycythemia vera (PV), 

essential thrombocythemia (ET), and myelofibrosis (MF). Red arrows indicate the type of 

mature myeloid cell over proliferation that defines each MPNs. In addition, MPNs can 

transform to acute myeloid leukemia (AML), with MF carrying the highest transformation 

risk. (Generated in BioRender) 
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77). When it comes to clinical outcomes, PV and ET are indolent MPN forms, with overall survival 

(OS) rates of ~15 and ~18 years, respectively. However, MF has the worst prognosis with a median 

survival of ~4 years (28, 29).  In addition, patients with MF have the highest risk of transformation 

(8-23%) to AML within the first 10 years post diagnosis (30, 31,35). Patients with post-MF AML 

transformation have very poor outcomes with OS from 3 to 8 months and a 1-year survival rate 

sitting between 5-10%, and with this disease stage being refractory to chemotherapy treatment (32, 

33, 34,35, 36).  

When it comes to MPNs presentation and symptoms, the International Consensus 

Classification (ICC) of myeloid neoplasms and acute leukemias has recently updated several 

criteria components for the diagnosis of MPNs (Table 1.1). These criteria build from the World 

Health Organization (WHO) classification and encompass further understanding of the biology 

and clinical-pathological characteristics of myeloid malignancies.  This diagnostic criterion also 

encompasses genetic, mutational, and molecular understanding of MPNs, which will be covered 

in the next section.  
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Table 1.1 International consensus classification of myeloid neoplasms 

 

1.5 Myeloproliferative neoplasms mutational landscape:  

Somatic mutations that develop in the hematopoietic stem cell (HSC) compartment and 

activate the JAK2-STAT signaling pathway are sufficient and the primary cause of BCR-ABL-

negative MPNs in most cases (36,55,56) (Figure 1.3). In 2005, the discovery of a mutation in the 

non-receptor tyrosine kinase JAK2 gain-of-function mutation (JAK2V617F; a G to T somatic 

mutation at nucleotide 1849, in exon 14, resulting in the substitution of valine to phenylalanine at 

codon 617) provided an underling mutational genetic basis for MPNs malignancy entities (36, 50-

54). JAK2 mutation results in the JAK2-STAT driven signaling pathway being activated 

continuously even when EPOR, MPL, and G-CSFR ligand binding are absent (54, 52). Currently, 

activating mutations in the JAK2 account for 95% of PV and ∼50% of ET and PMF cases (5-8). 
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Located on chromosome 1p34, activating mutations in MPL, the gene encoding the 

thrombopoietin receptor, occur in ∼3% to 5% of ET patients and 5% to 10% of PMF patients (57, 

250-253) (Figure 1.4). MPL and its ligand TPO are essential for hematopoietic stem cell self-

renewal, and platelet and megakaryocyte development. (58, 59, 60). There are a number of known 

MPL mutations, however the two most common types are W515L and W515K within exon 10 

(61, 57, 62, 63). Importantly, the generation of mature platelets is negatively impacted by MPL's 

role as a regulator of TPO levels. TPO is not eliminated in MPL mutant instances, which results 

in high plasma TPO levels. This unregulated stimulation fuels the observed excessive 

megakaryopoiesis (64, 56). Upon the discovery of JAK2 and MPL mutations, it became evident 

that a percentage of MPNs patients were negative for mutations in either of these two genes, this 

then led to the finding of a third major driver mutation (65,66).  

 

 

 

Figure 1.3 JAK-STAT signaling in myeloproliferative neoplasms malignancy. Mutations 

in either MPL receptor or JAK2 can lead to constitutive activation of the JAK-STAT pathway 

in the hematopoietic stem cell compartment. CALR mutation can also result in JAK-STAT 

activation through its interaction with MPL. As result of any of these events, aberrant JAK-

STAT pathway arises to drive MPNs malignancy. (Generated in BioRender) 
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1.6 Calreticulin mutations in myeloproliferative neoplasms:  

In 2013, two independent research teams independently discovered calreticulin (CALR) 

mutations in JAK2 and MPL mutations negative MPNs by using whole exon sequencing (67,68). 

Approximately 40% of ET and MF patients harbor somatic, heterozygous CALR mutations 

(Figure 1.4). This gene encodes a encodes a calcium (Ca2+)-binding chaperone protein that 

primarily resides in the endoplasmic reticulum (ER) and is involved in the folding of glycoprotein 

in the ER lumen as they move through the secretory pathway (60,70, 245, 246) CALR contains 

three distinct domains: the globular N-domain and proline-rich P-domain are responsible for the 

chaperone function of the protein, though the P domain also contains one high affinity calcium 

binding site; the highly disordered C-terminal domain binds Ca2+ with a series of acidic amino 

acids, and terminates at an ER retention signal (KDEL) (247) (Figure 1.5).  

Figure 1.4 Myeloproliferative neoplasms mutational landscape.  Breakdown of mutations 

in BCR-ABL negative MPNs; mutations in the JAK2 account for 95% of PV and ∼50% of ET 

and PMF cases, while MPL mutations present in ∼3% to 5% of ET patients and 5% to 10% of 

PMF patients. Around 40% of ET and PMF patients harbor CALR mutations. There is also a 

group across, PV, ET and PMF that do not carry mutations in any of these three genes and are 

termed as JAK2, MPL, CALR negative. Adapted from: Klampfl T, Gisslinger H, Harutyunyan 

AS, et al. Somatic mutations of calreticulin in myeloproliferative neoplasms. N Engl J Med. 

2013;369(25):2379-2390. doi:10.1056/NEJMoa1311347 (Ref. 240).  
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All CALR mutations occur as +1 base pair frameshift-induced indels in exon 9 of the gene, 

which encodes the C-terminal calcium binding domain, and produce an identical 36 amino acid 

mutant C-terminal tail. The mutant C-terminus is characterized by the replacement of the acidic 

calcium binding residues with positively charged arginine and lysine residues, and loss of the 

KDEL sequence (Figure 1.6). This neomorphic sequence is required for the oncogenic activity of 

mutant CALR, wherein the mutant protein aberrantly binds to the thrombopoietin receptor MPL 

to constitutively activate pathogenic JAK-STAT signaling and drive the disease (248-250).  

 

 

 

Figure 1.5 Calreticulin protein structure. Calreticulin protein contains a globular N-domain, 

a proline-rich P domain, and a disordered, negatively charged C-domain that contains an 

endoplasmic reticulum retention signal or KDEL. Calreticulin also contains lectin sites that 

interact with monoglucosylated oligosaccharides on newly synthesized glycoproteins in the ER. 

Additionally, calreticulin contains polypeptide binding sites, which function to bind and release 

nascent polypeptides to suppress the aggregation of unfolded substrates in the ER.  
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1.7 Type 1 and type 2 calreticulin mutations in myeloproliferative neoplasms  

80% of CALR mutations are classified as either type 1 (52 bp deletion; CALRdel52) or 

type 2 (5 bp insertion; CALRins5). Molecularly, type 1 and type 2 CALR mutations are classified 

based on the extent of amino acid homology with the wild-type protein. While type 2 CALR 

mutant proteins retain many of the calcium binding sites present in the wild type protein, type 1 

CALR mutant proteins lose these residues (Figure 1.7).  

 

Figure 1.6. Structural comparison of wild type and CALR mutant proteins. CALR 

contains three distinct domains: the N-domain and P-domain are responsible for the chaperone 

function of the protein, though the P domain also contains one high affinity calcium binding 

site; the C-terminal domain binds Ca2+ with a series of acidic amino acids (denoted by blue 

circles), and terminates at an ER retention signal (KDEL). SP = ER signal peptide. CALR 

mutations occur in the C-terminal calcium binding domain, and produce an identical 36 amino 

acid mutant C-terminal tail (red shaded region). The mutant C-terminus is characterized by the 

replacement of the acidic calcium binding residues with positively charged residues (denoted 

by red circles), and loss of the KDEL sequence. SP = ER signal peptide. 

 

 

Figure 1.7 C-terminal amino acid sequence of CALRwt versus type 1 CALRdel52 and type 

2 CALRins5. CALRins5 retains many of the Ca2+ binding residues present in the wild type 

protein, which are lost in the del52 mutant protein (highlighted in blue). 36 amino acid mutant 

C-terminal tail shared between all CALR mutant proteins is depicted in red. 
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Importantly, it had not yet been shown that type 1 mutations directly result in a loss of 

calcium binding ability. It has however been demonstrated that patients with type 1 CALR 

mutations, but not those with type 2, exhibit abnormal intracellular Ca2+ signals, characterized by 

significantly increased store-operated Ca2+ entry (SOCE) activity, a regulator of calcium flux into 

the cell (252). A subsequent study reported that this abnormal SOCE activity is a result of 

diminished interaction between mutant CALR and stromal interaction molecule 1 (STIM1) (261), 

a protein of SOCE machinery that functions as a calcium sensor in the ER (262). However, in 

contrast to its predecessor (252), this study did not identify any significant differences in SOCE 

activation between type 1 and type 2 mutant CALR megakaryocytes, despite the fact that type 1 

mutant proteins lose the calcium binding residues present in the type 2 proteins. This suggests that 

there may be other regulatory mechanisms at play that mediate intracellular Ca2+ signaling in type 

1 versus type 2 mutant CALR-expressing cells outside of SOCE machinery. Moreover, in addition 

to understanding how Ca2+ signaling differs in type 1 versus type 2 mutant CALR cellular 

contexts, and whether differential signaling is a direct result of the loss of calcium binding sites on 

the type 1 mutant protein, it is critical to understand the functional consequences of these 

differences. Ca2+ affects myriad cellular pathways, but which are differentially regulated by 

abnormal Ca2+ signaling in type 1 versus type 2 mutant CALR has yet to be explored.  

1.8 Type 1 and type 2 calreticulin mutations clinical and prognostic differences in 

myeloproliferative neoplasms  

Despite their shared mutant C-termini and mutual ability to bind and activate MPL, patients 

with type 1 and type 2 CALR mutations display significant clinical and prognostic differences. 

Type 1 mutations are primarily associated with an MF phenotype and a higher risk of fibrotic 

transformation in ET, while type 2 mutations are more common in ET (251, 251). Within ET, type 
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2 CALR patients exhibit higher platelet counts and a lower thrombotic risk, and within MF, type 

1 patients have a better prognosis than type 2 patients. The mechanisms underlying these divergent 

clinical phenotypes remain unknown but suggest that the molecular pathogenesis is not limited to 

activation of the MPL-JAK-STAT signaling axis. To date, however, there has been no 

identification of differentially activated pathways or dependencies in type 1 versus type 2 mutant 

CALR-driven disease.  

1.9 Current myeloproliferative neoplasms treatment therapies  

Allogenic stem cell transplant (ASCT) is the only potentially curative therapy for MPNs; 

however, this carries high-therapy related morbidity and mortality (approximately 30%) and given 

the median age at diagnosis of 65 years, this is only practical to a limited percentage of patients 

(81, 82, 83, 84, 85, 86, 88, 89, 90).  Beyond transplant success, donor availability, and the 

possibility of life-threatening infections and graft versus host disease are among limiting concerns 

for transplants beyond late age (87, 85). Given its inhered risk, the need for ASCT is often a 

debated consideration for patients (91, 92).  Alternative therapies that are currently on the market 

are non-curable and only can provide palliative treatment, with no disease-modifying ability (85). 

Notably, these treatments focus at reducing symptom burden underlying MPNs pathological and 

clinical presentation (78, 79, 85).  

For patients with conventional BCR-ABL-negative myeloproliferative neoplasms, 

hydroxycarbamide also known as hydroxyurea (HU) continues to be the first-line therapy, most 

often utilized, and well-tolerated cytoreductive medication for MPNs (93, 94, 95, 103). As an anti-

metabolite HU prevents DNA synthesis, leading to control in erythrocytosis and thrombocytosis 

as well as reduction thrombotic tendency in PV and ET patients (95, 79). Improvement in 

splenomegaly, bone pain, constitutional symptoms, and pruritus are also seen after HU treatment 
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(94, 96). Yet, HU only temporarily relieves symptoms, and it has demonstrated to have side effects 

such as myelosuppression, particularly granulocytes, while other non-hematological side effects 

include pneumonitis, mucocutaneous ulcers, fever, and different gastrointestinal symptoms (99, 

100, 95). In addition, among these adverse side-effects HU treatment in MPNs patients has also 

been associated with malignant manifestations such as squamous cell carcinoma (101). It is also 

important to note that PV and ET patients are also oftentimes managed by a combination of 

phlebotomy, aspirin, along with HU (102, 104, 95).  

With a better understanding of the critical role of the JAK-STAT pathway in the 

pathogenesis of MPNs, in 2011 the arrival of the JAK 1/2 inhibitor ruxolitinib—the first targeted 

therapy in this field—was a turning point in the treatment of MPNs (105, 106, 107, 108). As a 

potent and selective ATP competitive (cyclopentylpropionitrile derivative) kinase inhibitor of 

JAK1/2, Ruxolitinib has been approved for the treatment of intermediate to high-risk MF, and 

hydroxyurea resistant PV (107,108, 109).  Ruxolitinib has demonstrated efficacy in lowering levels 

of inflammatory cytokines, the excess generation of mature myeloid cells, and the associated 

clinical symptoms in MPNs, and although effective at reducing symptom burden, these drugs are 

not curative (110, 111, 112, 113). Importantly, Ruxolitinib has demonstrated only minor reduction 

in MPNs stem cell pool (110, 114, 295). Consequently, persistent administration of these drugs 

will probably be necessary for long-term illness management by targeted JAK2 inhibition, which 

can be impractical due to the adverse effects can present such as dose-limiting cytopenia and 

infectious complications (110, 115, 116, 117).  Furthermore, although CALR mutation positive 

patients can be treated with JAK2 inhibitors, these drugs are not curative and primarily alleviate 

symptom burden without altering the natural course of the disease due to an inability to eradicate 

the malignant clone (110, 111, 112, 113, 114, 118, 119, 120, 253-260). Thus, in order to improve 
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treatment strategies for CALR mutation positive MPNs patients, it is critical to identify specific 

dependencies unique to CALR mutation type that can be exploited for therapeutic gain. 

1.10 Endoplasmic reticulum stress and improperly folded proteins  

The endoplasmic reticulum (ER) is a large and dynamic intracellular organelle with a 

membrane that serves as the initial compartment in the secretory route (121, 122). The ER is 

engaged in a wide range of biological processes. It functions as a factory for protein synthesis, aids 

in calcium storage and regulation, lipid synthesis and storage, and glucose metabolism (122-129). 

A major function of the ER is to serve as a site for the synthesis, folding, maturation, quality 

control, and destruction of secretory and transmembrane proteins (122, 130). It also makes sure 

that only properly folded proteins are transported to their sites of action (122, 130). A protein 

intended for secretion must undergo correct folding and modifications with the help of chaperones 

and folding enzymes after protein synthesis and translocation into the ER lumen. N-linked 

glycosylation, the creation of disulfide bonds, and oligomerization are some of these alterations 

(125, 135, 136). Notably, nearly a 1/3 of all proteins, are co-translationally targeted to the ER, 

where they are exposed to a wealth of chaperones and foldases that aid in their folding, assembly, 

and post-translational modification before they are exported from the ER (134). Proteins that do 

not fold correctly within a particular amount of time are targeted for ER-associated degradation 

(ERAD), which effectively retro-translocate them from the ER into the cytosol for degradation 

using the ubiquitin-proteasome system (131, 132, 133). Even though protein misfolding happens 

all the time, it might get worse under unfavorable intrinsic and environmental circumstances, 

hence, to prevent cellular function from being impacted, recognition of misfolded proteins and 

removal of these aggregates through the ERAD pathway must be closely regulated (137, 121, 122).  
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A cellular state known as "ER stress" is brought on by circumstances that interfere with 

ER homeostasis and protein folding quality control which in turn lead to accumulation of 

misfolded proteins (138, 139). A number of cell intrinsic and extrinsic insults can perturb protein 

folding and quality control, including variations in nutrient levels, increased demands on protein 

secretion, hypoxia, mutations in client proteins of the secretory pathway that stabilize or promote 

aggregation of intermediate folding forms, and decreases in calcium levels with inhibitory effects 

on calcium-dependent chaperones (140, 141, 143). To alleviate ER stress, adaptive ER stress 

responses are activated to deal with the load of improperly folded proteins resulting in cell survival 

or apoptosis (144, 145, 146).  

1.11 Endoplasmic reticulum and Ca2+ regulation  

A number of proteins are primarily synthesized and transported in the ER; however, this 

organelle also serves as a significant intracellular Ca2+ storage site (212, 213, 214). Ca2+ typically 

has a cytosolic concentration of 100 nM or less, an ER lumen concentration of 100-800 nM, and 

an extracellular Ca2+ concentration of 2 mM (215, 216). The ER contains Ca2+ channels that 

respond to the needs and fluctuations of Ca2+ in the cell, importantly, in response to low 

intracellular Ca2+ levels, a number of calcium channels, ryanodine receptors, and inositol 1,4,5-

trisphosphate (IP3R) receptors release Ca2+ into the cytosol from the ER (215). Ca2+ can enter 

the cell from the extracellular medium or leak out of the ER into the cytoplasm before being 

pumped back into the ER by sarcoendoplasmic reticular Ca2+ ATPases (SERCAs), which adds to 

the levels of regulation (215). A method for Ca2+ entrance into the cell is activated when ER Ca2+ 

stores are quickly depleted through IP3 receptor (IP3R)-mediated release. This process is referred 

to as store-operated Ca2+ entry (SOCE) (215, 217). Therefore, the localization, function, and 

interaction of proteins—whether they are associated with other proteins, organelles, or nucleic 
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acids—can all be influenced by Ca2+ (122). Of relevance, one such pathway that is heavily 

influenced by Ca2+ signaling is the unfolded protein response (UPR). There are several forms in 

which Ca2+ can influence ER stress, for instance, most ER-localized chaperones and folding 

enzyme are Ca2+ dependent and rely on Ca2+ activity (218, 219). These ER resident Ca2+ binding 

proteins and folding enzymes influence protein folding integrity and UPR signaling through 

interactions with stress signaling sensors (218, 219, 220).  

1.12 The unfolded protein response and endoplasmic reticulum stress  

In response to ER stress, cells activate a signaling mechanism known as the UPR, which 

reduces protein synthesis, eliminates unfolded or misfolded proteins, and promotes ER's ability to 

fold proteins (121, 139) Through this response, the UPR coordinates the activation of three stress 

sensors (inositol-requiring enzyme 1 alpha (IRE1α), protein kinase R-like ER kinase (PERK), and 

activating transcription factor 6 (ATF6)), which activate genes that work to restore ER function 

and drive adaptation to microenvironmental changes through downstream transcriptional 

activation (155, 156, 157, 140). If ER stress load becomes unresolved, the UPR forces the cell into 

apoptosis (147,263). When the ER is in a homeostatic state, binding Ig protein [BiP; also known 

as glucose-regulated protein, 78kD (GRP78) and heat shock 70 kDa protein 5 (HSPA5)] interacts 

with the luminal domains of IRE1, PERK, and ATF6 to maintain them in a monomeric and inactive 

form (140, 148, 149, 121). BiP/GRP78 is titrated off the ER stress sensors and onto misfolded 

proteins as they start to accumulate within the ER lumen, priming the UPR stress sensors to be 

ready to signal. This is due to BiP/higher GRP78's affinity for the exposed hydrophobic 

polypeptide domains contained within misfolded proteins. The ER luminal domains of the 

unrestrained UPR sensors can then directly bind to misfolded proteins, causing their 

oligomerization and activation (140, 148). The early effects of the UPR, known as homeostatic 



 

 19 

UPR, aim to restore ER homeostasis by reducing demand and boosting capacity on the machinery 

for folding proteins in an effort to maintain cell function (139, 140). However, if these corrective 

actions fail to adequately restore homeostasis, the ER sensors then start a different program called 

the terminal UPR, which promotes cell death (140, 151, 152, 153, 154). Importantly, chronic ER 

stress has been linked to numerous cancer types, and certain tumor cells use the UPR as an essential 

survival mechanism to tolerate stress (264, 265).  

            1.13 The IRE1α/XBP1 axis of the unfolded protein response  

In humans, inositol requiring enzyme 1 α (IRE1α) is encoded by the endoplasmic reticulum 

to nucleus signaling 1 (ERN1) gene (155, 162, 163).  IRE1α is a type I transmembrane protein 

kinase receptor, which has site-specific endoribonuclease (RNase) activity in its cytosolic domain 

(164-166, 155) Notably, Ern1 deletion (KO) in mice causes growth retardation, flaws in hepatic 

organogenesis, and problems in placental development, all of which cause embryonic lethality 

(169). When ER stress is present, BiP dissociation, which is brought on by a buildup of unfolded 

proteins, causes IRE1 to oligomerize and activate its cytosolic kinase domain. Trans-

autophosphorylation is made possible by the oligomers' face-to-face positioning and proximity to 

one another (167, 168, 121). Remediable ER stress results in low-level, transitory 

dimerization/tetramerization and kinase autophosphorylation, which limits IRE1's RNase 

activity to a single adaptive task: removing a 26-nucleotide unconventional intron from the mRNA 

for XBP1 (X-box binding protein 1) (140, 160, 161, 170, 155). Upon this event, the tRNA ligase 

RNA 2′,3′‐cyclic phosphate and 5′‐OH ligase (RTCB) re-ligates the spliced XBP1 via 

phosphodiester bond formation, changing the open reading frame, and resulting in the translation 

of the basic leucine zipper (bZIP) transcription factor XBP1 spliced (XBP1s) (160, 161, 171-176). 

In turn, to alleviate ER stress and reestablish homeostasis, XBP1s regulates transcription of a 
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variety of gene targets, such as the expression of chaperones, foldases, and elements of the ERAD 

pathway (177, 178, 179) (Figure 1.8). On the other hand, a sustained, high-level IRE1 

autophosphorylation triggers higher-order IRE1 oligomerization in response to ongoing and 

unresolved ER stress. In addition to increasing XBP1 splicing activity when IRE1's RNase is 

oligomerized, it also lessens its specificity such that it targets hundreds of mRNA species as they 

attempt translation at the ER membrane by degrading them endonucleolytically – through a 

mechanism know as regulated IRE1α-dependent decay (RIDD) (180, 181, 182, 183). Notably, this 

unselective mRNA RIDD-driven destruction can induce cell death (140, 184, 185, 186). Hence, 

overall IRE1 can induce divergent outcomes (pro-survival/pro-apoptotic) based on the ER stress 

input prolongation.   
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             1.14 The TSEN complex and tRNA splicing:  

As the ligase responsible for catalyzing the splicing of XBP1 mRNA upon IRE1α cleavage, 

mammalian RTCB functions as part of what is known as the tRNA splicing endonuclease (TSEN) 

complex to catalyze the ejection of tRNA introns (187-192, 208) (Figure 1.9). Transfer RNAs 

(tRNAs) are crucial for the conversion of messenger RNA (mRNA) into proteins. Prior to reaching 

their mature and functional state, eukaryotic tRNA genes go through a number of post-

Figure 1.8 IRE1α-XBP1 arm of the unfolded protein response. A number of cellular and 

environmental insults such as ca2+ dysregulation can disrupt protein folding integrity in the 

ER and result in the accumulation of unfolded proteins in the ER lumen. The IRE1α -XBP1 

axis is the most conserved and well-characterized UPR pathway. IRE1a is a transmembrane 

kinase and RNAse that becomes activated upon binding of unfolded proteins. Upon 

activation, IRE1a oligomerizes and transphosphorylates, which activates its RNAse activity. 

The RNAse then splices XBP1 RNA, removing a 26-nucleotide intron. The spliced XBP1 

exons are then ligated back via RTCB ligase through phosphodiester bonds. Upon splicing, 

XBP1 translates into an active transcription factor that then translocates to the nucleus to 

execute various transcriptional programs involved in adaptation to cellular stress. Adapted 

from: Oakes SA. Endoplasmic Reticulum Stress Signaling in Cancer Cells. Am J Pathol. 

2020;190(5):934-946. doi:10.1016/j.ajpath.2020.01.010 (Ref. 140) (Generated in BioRender) 
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transcriptional processing and modification stages, which are carried out by RNA Pol III (187, 

192, 193, 197). All known domains of life contain a conserved subset of tRNA genes with introns, 

which must be removed during tRNA maturation (198-200). Notably, to catalyze the elimination 

of tRNA introns, eukaryotes employ the TSEN complex, which is composed of four separate 

subunits (TSEN2, TSEN 25, TSEN34, TSEN54) (187-192, 201, 202) (Figure 1.9). While TSEN15 

and TSEN54 are non-catalytic structural proteins with yet unknown role in tRNA splicing, TSEN2 

and TSEN34 are metal ion independent nucleases that cleave the 5' and 3' splice sites, respectively. 

They produce the 3′ exon using a 5′-hydroxyl group and the 5′ exon using a 2′3′-cyclic phosphate 

(201, 203, 192). Upon cleavage, the tRNA exons are linked together by ligation via RTCB through 

nucleotidyl transfer steps, concluding with phosphodiester bond establishment between the exon 

ends (204-207, 209, 210). Overall, aside from its specific role in XBP1 ligation, RTCB also 

functions as part of the tRNA ligation process, which is involved in a number of cellular activities 

such as mRNA transport, DNA double-strand break repair, and microRNA maturation (212).  
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1.15 BCL2 family of proteins and apoptosis modulation  

When there is short-term or long-term ER stress, the UPR initiates a complicated cell death 

pathway that is mediated by a number of cell fate components, where the B-cell lymphoma 2 

(BCL2) family of proteins plays a central role (221, 222). By studying the t (14;18) chromosomal 

translocation in B cell lymphoma, molecular investigation led to the discovery of Bcl-2, the first 

member of the BCL-2 protein family (224, 226) Since that time, at least 20 BCL-2 family members 

have been identified. At least one of the four conserved -helical motifs known as Bcl-2 homology 

(BH1-4) domains is present in all BCL-2 family proteins (225, 226). BCL2 family of proteins can 

be divided into 2 groups; a) the antiapoptotic family members, which consist of BCL-2, BCL-XL, 

BCL-w, MCL-1, and A1, have all four BH domains, and b) pro-apoptotic family members 

Figure 1.9 TSEN complex and RTCB ligation. In humans tRNA-splicing proceeds via the 

tRNA splicing endonuclease (TSEN) complex containing four subunits including two 

endonucleases (TSEN2 and TSEN34) and two structural components (TSEN15 and 

TSEN54). Following cleavage by the TSEN complex, RTCB ligase proceeds ligation through 

nucleotidyl transfer steps, culminating with phosphodiester bond formation between the 2’3’ 

phosphate and 5’ OH group in the exon ends. Adapted from: Hayne CK, Schmidt CA, Haque 

MI, Matera AG, Stanley RE. Reconstitution of the human tRNA splicing endonuclease 

complex: insight into the regulation of pre-tRNA cleavage. Nucleic Acids Res. 

2020;48(14):7609-7622. doi:10.1093/nar/gkaa438 (Ref. 192). (Generated in BioRender) 
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including the multidomain proteins (Bax, Bak, and Bok) and the BH3-only proteins (Bad, Bid, 

Bik/Nbk, Bim, Bmf, Nix/BNIP3, Hrk, Noxa, and Puma) (226).  

As the intrinsic apoptotic pathway's "point of no return," mitochondrial outer membrane 

permeabilization (MOMP) is regarded as a crucial checkpoint for the management of cell death. 

Cytochrome c and numerous other proapoptotic molecules are released as a result of MOMP, 

which causes the apoptosome to form in the cytoplasm and the caspase cascade to be activated 

(227, 228). Notably, MOMP is positively and negatively regulated via these groups of BCL-2 

family pro-and anti-apoptotic proteins (229). Furthermore, although the BCL-2 family of proteins 

has a well-defined role in apoptosis control, their function in ER stress-induced apoptosis is 

complex (223). Yet, it is well recognized that the transcriptional and posttranslational regulation 

of proapoptotic BH3-only proteins is one mechanism by which the unfolded protein response 

initiates apoptosis under prolonged endoplasmic reticulum stress conditions (222, 223). 

1.16 Modeling myelofibrosis in an in vitro cell system  

Myelofibrosis (MF) is a slowly developing malignancy characterized by an increase in 

myeloid cells and structural abnormalities of the bone marrow matrix. At its end-stage 

manifestations, the disease suppresses normal hematopoiesis, results in bone marrow failure, and 

has excessive reticulin fiber and cross-linked collagen deposition in the bone marrow (230, 231).  

According to studies, the degree of bone marrow fibrosis (BMF) and the prognosis of 

MPNs are related, with more fibrosis being associated with a worse prognosis (232, 233). ASCT 

is the only therapy thought to be curative for myelofibrosis, although its usage is constrained by 

substantial treatment-related morbidity and death (234).  

Fibrosis is a pathologic process characterized by abnormal myofibroblast accumulation and 

excessive deposition of reticulin and collagen fibers, as well as other elements of the extracellular 
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matrix (ECM) (235). It has been proposed that BMF in MPNs results from abnormal growth factor 

and cytokine production from mutant hematopoietic progenitors (236). For instance, transforming 

growth factor beta (TGF- β) and platelet-derived growth factor can drive fibrosis by influencing 

bone marrow surrounding stromal cells (237, 238). Therefore, given the importance of cell-cell 

crosstalk between mutant hematopoietic progenitors and the bone marrow stroma cell populations 

in myelofibrosis development, it is critical to develop cell systems that recapitulate and yet 

facilitate the study of such cellular interactions and dynamics, to pinpoint the mechanisms driving 

such fibrotic processes and enable molecular target discovery.  
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1.17 Hypothesis and Specific Aims  

The objective of my research is to define the contributions of IRE1α/XBP1 signaling to 

type 1 CALR mutant MPN. Based on my preliminary data, my central hypothesis is that 

hyperactivation of IRE1α/XBP1 signaling contributes to cell survival and disease 

progression in type 1 CALR MPN. I further predict that additional components of the 

IRE1α/XBP1 axis could also impact disease progression, particularly, the RTCB ligase responsible 

for XBP1 mRNA ligation. In addition, I also predict that CALR mutant myelofibrosis could be 

modeled in vitro through cell crosstalk between the transformed malignant cell clone expressing 

CALR mutant and the bone marrow stromal cells. I therefore propose to dissect the role of 

IRE1α/XBP1 arm of the UPR in type 1 CALR mutant MPN and establish myelofibrosis in vitro 

modeling through the following three aims:  

Aim 1: To define whether IRE1α/XBP1 pathway is required for type 1 CALR-driven 

disease.  My preliminary data indicate that the IRE1α/XBP1 pathway of the unfolded protein 

response is activated in type 1 CALR mutant MPN cells. However, whether this is required for 

type 1 CALR mutant cell survival and MPN disease progression remains to be defined.  I 

hypothesize that IRE1α-XBP1 activation represent a dependency for type 1 CALR mutant MPN 

disease. To test this, I will use CALR mutant MPN cell models, and an MPN transplant mouse 

model, to assess XBP1 activation via RNA sequencing, qPCR, western blot, and IHC.  Further to 

determine the necessity of the IRE1α/XBP1 pathway for cell survival and disease progression, I 

will perform IRE1α and XBP1 knockdown in our cell lines expressing CALR mutant variants, 

alongside drug treatment with KIRA8 (IRE1α specific inhibitor) in both our CALR mutant cell 

line models and BMT mouse model. In addition, to dissect the specific XBP1 downstream targets 

playing a role in disease progression, I will assess differentially activated pathways and determine 
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their relevance to IRE1α/XBP1 pathway via our knockdown cells. Overall, these results will 

inform whether IRE1α/XBP1s represents a dependency in type 1 CALR mutant MPN.  

Aim 2: Define the role of RTCB in type 1 CALR mutant MPN. As the ligase responsible 

for XBP1 ligation, I hypothesize that RTCB is also required for the survival of type 1 CALR 

mutant MPN given our observation on IRE1α/XBP1 pathway activation in type 1 CALR mutant 

cells. In addition, I further predict that if XBP1 is necessary for type 1 CALR mutant cell survival, 

RTCB depletion might provide an even improved therapeutic gain, given IRE1α inhibition (via 

currently available drugs: KIRA8) also targets IRE1α functions independent of XBP1. Hence, to 

ask whether RTCB is relevant to CALR mutant MPN, I will first measure RTCB mRNA and 

protein levels via q-PCR and western blotting in our cell line system expressing CALR mutant 

variants. Further, to interrogate whether RTCB is dependent for the survival of CALR mutant cells, 

I will perform RTCB knockdown followed by proliferation studies in our CALR mutant cell line 

models. These results will define the significance of RTCB in type 1 CALR MPNs and whether it 

represents a plausible therapeutic target.  

Aim 3: Develop in vitro model system to study myelofibrosis  

We know that in the context of myelofibrosis, there is a major interplay between malignant 

transformed clones and the bone marrow stromal cells (BMSCs) that promote fibrotic 

transformation. However, whether this phenotype can be recapitulated in vitro to facilitate its study 

remains undetermined. Therefore, I hypothesize that a fibrotic phenotype can be recapitulated 

through the in vitro cell crosstalk between CALR mutant MPN transformed cells and BMSCs. 

Further, I also predict that cytokines and growth factors, particularly, transforming growth factor 

beta (TGF-β), contribute to this crosstalk fibrotic transformation. To test this, I will take MPN 

CALR mutant variants cells’ conditioned media and treat BMSCs followed by assessment of 
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fibrotic markers expression (Fibronectin and COL1A1) on BMSCs via western blot and 

immunofluorescence. To assess TGF-β secretion by CALR mutant cells I will then perform TGF-

β quantification in the conditioned media of CALR mutant cells via enzyme-linked 

immunosorbent assay (ELISA). Finally, to validate the impact of TGF-β secretion on fibrosis 

phenotype development, I will then treat BMSCs with recombinant human TGF-β and measure 

fibrotic marker expression. Overall, these experiments will allow me to test whether I can 

recapitulate a fibrotic phenotype as observed in myelofibrosis via in vitro, and whether TGF-β 

represents a plausible driver in fibrotic transformation.  
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CHAPTER 2: METHODS 

 

Chapter 2 consist in part of the methods section from Ibarra and Elbanna et al., Blood Cancer 

Discovery (2022); see publications section.  

 

2.1 Cell lines and cell culture 

293T, U2OS, and HS-5 cells were obtained from American Type Culture Collection 

(ATCC) and their identity was authenticated by Short Tandem Repeat (STR) profiling. Ba/F3 cells 

and UT-7 cells were purchased from German Collection of Microorganisms and Cell Cultures 

(DSMZ) and were not further authenticated. All cell lines were tested for mycoplasma bi-

monthly. 293T and U2OS cells were cultured in Dulbecco’s modified eagle medium (DMEM; 

Corning) medium with 10% fetal bovine serum (FBS; Corning) and 1% penicillin/streptomycin 

(Corning). When passed, media was removed from cell culture plates, and cells underwent 

trypsinization with warm (37°C) 0.05% Trypsin EDTA (Trypsin 2.21mM EDTA 1x Sodium 

Bicarbonate; Corning). Cells were then incubated at 37°C for 3-5 minutes, trypsin was then washed 

off and media was further added to deactivate any trypsin left. Cells were then plated under fresh 

media. Ba/F3 and UT-7 cells were cultured in RPMI 1640 medium with 10% (Ba/F3) 20% (UT7) 

and 1% penicillin/streptomycin. Ba/F3 cells were supplemented with 2 ng/mL (1:10,000 dilution) 

murine interleukin-3 (IL-3; R&D Systems); UT-7 cells were supplemented with 10 ng/mL (1:1000 

dilution) human granulocyte-macrophage colony-stimulating factor (GM-CSF; R&D Systems). 

When it came to cytokine starve either Ba/F3 or UT-7 cells, these were collected and spun down 

for 1 minute at 1500 rpm, supernatant was then aspirated and pellet was resuspended in 5 mL 

phosphate-buffered saline buffer (Fisher), followed again for a spin of 1-minute 1500 rpm, 

supernatant was then aspirated (this wash process was done 3x). Cells were then resuspended in 

complete media without cytokines. All cell lines were grown at 37°C, 5% CO2, 95% humidity.  
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2.2 Retro and lentivirus generation  

For each retrovirus construct transfected (MSCV-IRES-GFP-CALRwt, -CALRdel52 or -

CALRins5), one 10cm dish of 293T cells (3x106) in 5mL media were plated one day 1. After 

24hrs, the constructs were prepared (10 μg expression plasmid + 5 μg EcoPak). Each construct 

mix was placed in 1.5ml Eppendorf tube and 500 μL of OptiMEM (Gibco) was added to each tube, 

followed by through mix. 45 μL of TransIT LT-1 Reagent (Mirus Bio) was then added to each 

tube mix and incubated for 30 minutes at room temperature. Upon incubation this mixture was 

added dropwise to 293T media in their respective plate and cells were incubated for 24hrs. For 

lentivirus pLKO.1-based lentiviral vector shRNA constructs targeting mouse IRE1α (sh-1 5’ CCG 

GGC TCG TGA ATT GAT AGA GAA ACT CGA GTT TCT CTA TCA ATT CAC GAG CTT 

TTT 3’, sh-2 CCG GCC CAC TTC TCT TTC TTT CTA ACT CGA GTT AGA AAG AAA GAG 

AAG TGG GTT TTT 3’) or mouse XBP1 (sh-1 5’ CCG GAG ATA GAA AGA AAG CCC GGA 

TCT CGA GAT CCG GGC TTT CTT TCT ATC TTT TTT 3’, sh-2 5’ CCG GCC AGG AGT 

TAA GAA CAC GCT TCT CGA GAA GCG TGT TCT TAA CTC CTG GTT TTT 3’) or human 

RTCB (sh-1 5’ CCT TGG TTG TTC CAC AGA GTT 3’, sh-2 5’ AGA GGC TCC TGA GTC CTA 

TAA 3’) the same described steps were followed except the following amounts of construct and 

packaging plasmids were used; 7 μg expression plasmid + 4 μg VSVG + 4 μg PSPAX2 packaging 

plasmids. On day 3, upon 24hrs, supernatant media containing the virus was collected with a 10 

mL syringe, which was then filtered through 0.2 µm pore size filters into 15 mL conical tubes. 

Upon virus collection, plates were replenished with 5 mL of fresh media and incubated for 

additional 24 hrs, then a second round of virus following the same steps described. Virus was 

stored at -80°C until ready to use, and the 24 and 48hrs batches of virus collected were combined. 
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2.3 Stable over-expression cell line generation 

Ba/F3 and UT-7 cell lines stably expressing the thrombopoietin receptor (MPL) were 

generated by retroviral transduction (as described in the retro and lentivirus generation section). 

However, in this case retroviral supernatants were generated by co-transfection of pMSCV-hygro-

hMPL with the packaging plasmids. Viral supernatants were collected at 24- and 48-hours post-

transfection. Ba/F3 or UT-7 cells were subjected to spin infection with viral supernatants as 

follows: cells to be transduced were counted and concentration was adjusted to 3 x 106 cells / mL, 

follow by seeding 500 μL cells per well (in a 6 well plate). 1.5 mL of the virus was then added into 

each well and leaving one well without virus as untransduced control. Cells were then 

supplemented with the appropriate cytokines as previously described and 1 μL of polybrene 

(Millipore sigma) was added into to each well. In a pre-heated centrifuge, plates were spun at 2000 

rpm for 2 hours at 37°C. Plates were then removed from centrifuge and placed in incubator 

overnight. The following day, media was switched culture media and appropriate cytokines. In the 

other hand, stable expression of CALR variants was achieved by co-transfecting pMSCV-neo-

FLAG-tagged-CALR variants (pMSCV-neo-signal peptide-FLAG-CALRwt, -CALRdel52, -

CALRins5), pMSCV-IRES-GFP-CALR variants, or pMSCV-puro-P+C with packaging plasmids 

in 293T cells. Retroviral supernatants were collected at 24- and 48-hours post-transfection. Ba/F3, 

UT-7, or U2OS cells were subjected to spin infection (as described) with viral supernatants, 

followed by 7 days of antibiotic selection (neomycin 1 mg/mL; puromycin 2 μg/mL), and cell 

sorting for GFP positivity. 
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2.4 Generation of shRNA stable knockdown cell lines  

Stable knockdown of endogenous IRE1α or XBP1 or RTCB was achieved using pLKO.1-

based lentiviral vector shRNA constructs targeting mouse IRE1α or XBP1 or RTCB (see retro and 

lenti virus generation for details on virus generation and constructs used). A scrambled shRNA 

was used as a control. From the lentivirus generated Ba/F3-MPL-CALR cells growing in IL-3 

were spin transduced (as previously described) with lentiviral supernatant in the presence of 8 

μg/mL polybrene (Sigma). Cell selection began 48 hours post-transduction with 2 μg/ml 

puromycin (Gibco), or neomycin (G418) 1 mg/ml (Sigma) based on the selection backbone of the 

vector. Selected cells were then expanded and validated by qPCR and western blot. 

 

2.5 Animal models and bone marrow transplant  

All animal use and experiments performed were approved by Institutional Animal Care 

and Use Committee (ACUP#72596) at the University of Chicago. 6–8-week-old C57BL/6 female 

mice were purchased from The Jackson Laboratory. For mouse bone marrow transplants, leg bones 

and spines are removed from CO2 inhalation euthanized healthy mice, and mortar and pestle 

crushed in PBS (Fisher) + 1% penicillin/streptomycin (Corning). Crushed bone marrows were 

filtered through 3x rounds of filtration in the following filter size order 100, 70, and 40 μm. Cells 

filtered were spun down for 5 minutes at 1800 rpm, followed by supernatant removal. Cell pellet 

was lysed for red blood cells by adding 5 mL of 1x red cell lysis buffer (Invitrogen) and incubated 

on ice for 5 minutes, then spun down for 5 minutes at 1800 rpm. For c-KIT enrichment, cells were 

then then resuspended in 500 μL MACS wash buffer (Miltenyi Biotec) and 100 μL murine CD117 

Kit (c-KIT) MicroBeads (Miltenyi Biotec) were added, followed by incubation in ice for 20 

minutes, with frequent mixing to ensure all cells were stained. Upon incubation, 5 mL of MACS 
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buffer (Miltenyi Biotec) was added, and cells were spun down for 5 minutes at 1800 rpm. 

Supernatant was then removed, and cell pellet was resuspended in 4 mL MACS buffer (Miltenyi 

Biotec) and subjected to positive selection using an autoMACS Pro Separator (Miltenyi Biotec). 

c-KIT-enriched cells were plated in 10 cm petri dish (non-TC treated) then cultured overnight in 

SFEM medium (supplemented with 50 ng/mL recombinant murine TPO, 50 ng/mL recombinant 

murine SCF, 10 ng/mL recombinant murine IL-3, and 10 ng/mL recombinant murine IL-6 

(cytokines obtained from R&D Systems). For transduction, 5 mL of the each of the retrovirus 

generated as previously described for MSCV-IRES-GFP-CALRwt, -CALRdel52 or -CALRins5 

constructs was placed into their respective well in a 6 well RetroNectin (Takara Bio) treated plate 

and c-KIT positive cells were infected via spin infection (30 min at 3000 rpm). Cells were then 

cultured overnight in SFEM media + cytokine cocktail as formerly described. The following day, 

each of the cKIT+ cell groups transduced with the given retrovirus CALR variants (1 × 106 per 

mouse) were resuspended in Hank's Balanced Salt Solution and injected retro-orbitally into 

lethally irradiated (900 cGy) C57 BL/6 recipient mice. 75 μL of peripheral blood was collected in 

heparinized capillary tubes retro-orbitally and transfer to EDTA collection tubes to measure 

complete blood counts (CBC) at 4 weeks post-transplant and at the indicated timepoints. CBCs 

were obtained by running the blood on the Hemavet 950 FS Auto Blood Analyzer (Drew 

Scientific). 

 

2.6 RNA sequencing 

The sequencing procedure was carried out using the NovaSeq 6000 sequencing (Illumina) 

at the University of Chicago Genomics Facility (Chicago, IL). RNA extracted from Ba/F3-MPL 

cells was prepared following the standard protocols recommended by the RNeasy Mini Kit 
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(Qiagen) and sequenced in two runs to generate paired-end 100bp reads. For each sample, the raw 

FASTQ files from two flow cells were combined before downstream processing. RNA-Seq data 

were processed using a local Galaxy 20.05 instance for the following steps: quality and adapter 

trimming were performed on the raw sequencing reads using Trim Galore! 0.6.3 (288, 289). The 

reads were mapped to the mouse genome (GRCm38.p4 with GENCODE annotation) using RNA 

STAR 2.7.5b (290). The resulting mapped reads from each sample were counted by Feature Counts 

1.6.4 for per gene read counts (291). 

 

2.7 Statistical analysis for RNA sequencing 

The raw counts were analyzed for differential expression between experimental conditions 

using DESeq2 1.22.1 which also generated a normalized gene expression matrix (292). Gene 

expression data normalized by DESeq2 were used for gene set enrichment analyses and heat 

mapping using Morpheus from the Broad Institute (293). For calculation of percent spliced XBP1, 

mapped reads for XBP1 gene were used from RNA-Seq replicates 1 and 3 to calculate the extent 

of alternative splicing for each genotype. Specifically, the percentage of spliced reads for a sample 

was calculated by diving the number of alternatively spliced reads over the total number of XBP1 

reads for that sample. Splicing data was analyzed and plotted using Prism. Accession Number: 

gene expression data are available in the GEO database with the accession number GSE173805.  

 

2.8 Quantitative real-time PCR 

Total RNA was extracted from cells using the PureLink RNA Mini Kit as directed by their 

protocol (Invitrogen). cDNA was synthesized from 1 μg of RNA template using the iScript cDNA 

Synthesis Kit (BioRad) as follows: for each sample the following was combined, 4μl of 5x iScript 
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reaction mix, 1 μl of iScript reverse transcriptase, and 15 μl of the following: 1 μg of the RNA 

template and as much as nuclease-free water needed to make 15 μl total. Samples were then 

incubated in the thermocycler under the following protocol sequence, 5 minutes at 25°C > 20 

minutes at 46 °C > 1 minute at 95 °C and final hold at 4°C. Upon cycle completion, cDNA 

concentration was measured via nanodrop. For qPCR the following was performed, the employed 

primers were diluted to 25 uM. For each primer pair the following master mix was made: 0.2 μl 

forward primer, 0.2 μl reverse primer, 5.0 μl SYBR green (Applied Biosystems) and 3.6 μl H2O. 

cDNA was then diluted 10 ng/μl and into each well of a 96-well plate (performed as triplicate with 

3 H2O controls, the following was added: 1 μl of the diluted cDNA and 9 μl of the master mix. 

Samples were run under standard thermal cycling program for qPCR in the QuantStudio Real-

Time qPCR system (Fisher). Primers used for qPCR are listed below (Table 2.1). Beta-actin was 

used for normalization.  

 

Table 2.1 qPCR primers information   

Gene Forward (5’ to 3’) Reverse (5’ to 3’) 

Beta-actin (mouse) CATTGCTGACAGGAT

GCAGAAGG 

TGCTGGAAGGTGGACA

GTGAGG 

ITPR1 (mouse) CTCTGTATGCGGAGG

GATCTAC 

GCGGAGTATCGATTCA

TAGGAC 

ADAM10 (mouse) GAAGATGGTGTTGCC

GACAG 

ATTTCCATACTGACCTC

CCAG 

DNAJB9 (mouse) TCGGGGCGCACAGG

TTATTAG 

ATCCTGGCGTGTGTGG

AAG 

XBP1 (mouse) ACATCTTCCCATGGA

CTCTG 

TAGGTCCTTCTGGGTAG

ACC 

BCL-2 (mouse) GGATAACGGAGGCT

GGGATGC 

ACTTGTGGCCCAGGTA

TGC 

Beta-actin (human) CACCATTGGCAATGA

GCGGTTC 

AGGTCTTTGCGGATGTC

CACGT 

ITPR1 (human) GTGACAGGAAACAT

GCAGACTCG 

CAGCAGTTGCACAAAG

ACAGGC 
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Table 2.1 qPCR primers information  

(Continuation) 

  

ITPR2 (human) CTTCCTCTATGGGGA

CATC 

GGCAGAGTATCGATTC

ATAGGG 

ADAM10 (human) CTGGCCAACCTATTT

GTGGAA 

GACCTTGACTTGGACT

GCACTG 

SERP1 (human) AAATCTAGGGCGAC

GCTTGACAGA 

AAGAGGAAGGAAACGC

AACGCAAC 

BCL-2 (human) ATCGCCCTGTGGATG

ACTGAGT 

GCCAGGAGAAATCAAA

CAGAGGC 

IRE1α (human) GCCGAAGTTCAGATG

GAATC 

ATCTGCAAAGGCCGAT

GA 

RTCB (human) GAAGGAGCAACTTG

CCCAAGCT 

AGTGCTCCTTGTCTTCA

GCCCA 

 

2.9 Protein purification 

CALR variants were cloned into the pBAD-DEST49 expression vector, then transformed 

into One Shot BL21 (DE3) chemically competent E. coli cells. Transformed cells were grown in 

Luria broth (LB) under ampicillin selection followed by the addition of 0.02% L-arabinose for 

induction of CALR expression. After 4 hours, cells were harvested and lysed via sonication. 

Proteins were purified using ProBond resin (Invitrogen). Purification was performed as directed 

by the ProBond purification system protocol (Invitrogen). The eluted proteins were validated via 

western blot. 

 

2.10 Western blotting  

To make cell lysates from each of the samples described, cells were spun down for 1 minute 

in a 15 mL conical tube at 1500 rpm, cell pellets were then transferred to a 2 mL Eppendorf tube 

using ice cold 1x PBS. Tubes were spun down for 30 seconds at 13k rmp, and PBS was removed 

from the cell pellet. Cell pallets were then resuspended in Nonidet P-40 (Fisher) lysis buffer 

supplemented with protease inhibitors (PI) (Fisher). Samples were then rotated in cold room (4°C) 
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for 20 minutes, followed by spun down for 20 minutes (4°C) at 13k rmp. Supernatant was then 

removed and placed into a 1.5 mL Eppendorf tube. To determine protein concentration a standard 

Bradford assay was performed. Based on the protein concentration determined for each of the 

samples, the final protein concentration was adjusted to 2 μg/μL using lysis buffer + PI.2x SDS 

(sodium dodecyl sulfate) sample buffer (Invitrogen) was added to each sample (1:1 ratio SDS: 

total volume). Samples were then boiled for 10 minutes in 95°C heat block. Samples were then 

either frozen or loaded (20 μg/well) and resolved on pre-made SDS-PAGE (polyacrylamide gel 

electrophoresis) (Invitrogen Novex Tris-Glycine) using Tris-Glycine SDS running buffer. 5 μL of 

protein standard ladder were loaded into each gel (BioRad Precision Plus Protein). Samples ran at 

225 V until separated. Gels were then transferred into transferred to nitrocellulose membranes 

utilizing the iBlot 2 Gel Transfer Device (Fisher) following its given transfer protocol. For primary 

antibody incubation, membranes were incubated for 1 hour in 5% powder milk in Tris Buffered 

Saline Buffer + Tween 20 (TBST) buffer at room temperature. Following blocking, membranes 

were incubated with respective antibodies (see Table 2.2 below for information on antibodies 

used) at dilution of 1:1000 (antibody: TBST buffer) for 1 hour at room temperature or overnight 

at 4°C on a rocker. For secondary antibody incubation, membranes were washed twice with TBST 

buffer for 30min each on a rocker at room temperature. Upon washes, membranes were incubated 

with HRP-conjugated secondary antibody (see see table below for information on antibodies used) 

for 1 hour at room temperature. Membranes were then washed twice, 30 minutes each with TBST 

buffer on a rocker at room temperature. For membrane development, 1:1 SuperSignal West Dura 

(Fisher) and pipetted on membrane until fully covered, followed by incubation in the dark for 2 

minutes. Membrane was then placed in iBright Imagining Analysis Software (fisher) and analyzed 

via its chemifluorescence detection input.  
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Table 2.2 Antibodies information   

Antibody target Source Identifier (catalog number) 

p-IRE1α (human + mouse) ABclonal Cat# AP1146 

IRE1α (human + mouse) Cell signaling Cat# 3294 

XBP1s (human + mouse) Cell signaling Cat# 40435 

XBP1s (human + mouse) Abcam Cat# ab37152 

β-actin (human + mouse) Cell signaling Cat# 12620 

LSD1 (human + mouse) Cell signaling Cat# 2139 

MEK1 (human + mouse) Cell signaling Cat# 2352 

CALR (human + mouse) Cell signaling Cat# 12238 

CALR mutant c-terminus (human) HistoBiotech  Cat# HG-CAL2-250 

BCL-2 (human) Cell signaling Cat# 4223 

BCL-2 (human + mouse) Cell signaling Cat# 3498 

p-IP3R (human + mouse) Cell signaling Cat# 3760 

IP3R (human + mouse) Cell signaling Cat# 8568 

COL1A1 (human) Cell signaling Cat# 39952 

Fibronectin (human) Cell signaling  Cat# 26836 

RTCB (human) Thermofisher  Cat# PA5-44610 

 

2.11 Stains-all assay  

For this assay, 25 mL of 10mM Tris Base, pH 8.8, were aliquoted in a 50ml conical tube. 

0.1% formamide (25 μl) and 0.025% stains-All dye (6.25 mg) (Sigma) were then added. This was 

followed by vortex and mix until stain-all powder was completely dissolved (until final color was 

strong violet). CALR recombinant variant proteins were normalized to a concentration of 0.5 μg/ 

μl. 20 μg of each recombinant protein were incubated in the stains-all complete solution made at 

a 1:1 ratio (in this case 40 μl of protein + 40 μl of stains all solution). Samples were incubated for 

30 min in the dark, followed by spectral absorbance reading at wavelength ranging from 610-650 

nm. Acquired spectral data was then analyzed.  
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2.12 Immunofluorescence and conditioned media preparation 

For immunofluorescence in U2OS, cells were grown onto 13 mM Deckgläser Cover 

Glasses. After transient transfection using FLAG-tagged CALR variants or P+C constructs, cells 

were washed twice with PBS and fixed with 4% paraformaldehyde for 10 minutes at room 

temperature. Cells were permeabilized with 0.1% triton X-100 and blocked in normal donkey 

serum for 1 hour at room temperature. Cells were then incubated with the corresponding primary 

antibodies overnight in 4 degrees C. Cells were washed twice and incubated with secondary 

antibody for 1 hour at room temperature. The cells were then washed twice and mounted onto 

slides using ProLong Gold Antifade Reagent with 4′,6-diamidino-2-phenylindole (DAPI). For 

immunofluorescence in HS-5 cells, coverslips were coated in poly-L-lysine for 1 h at room 

temperature followed by rinsing with sterile H2O (three times 1 h each). These were then placed 

in ultraviolet (UV) light overnight to dry and sterilize. HS-5 cells were then plated and grown in 

the coated slides in a 6-well plate under required growth conditions. 24 hrs post seeding, cells were 

treated with either conditioned media from UT7-MPL cells expressing CALR variants (72hrs or 7 

days) or recombinant TGF-β1((2.5 ng/ml) for 48 hours). Conditioned media was obtained from 

UT-7-MPL cells expressing CALR variants by seeding 3.0 × 106 in 3 mL of growth media (minus 

cytokines) in 6-well plate and collecting the cell conditioned media after 24 hrs via centrifugation 

at 4k rpm. Upon HS-5 incubation under the given conditions, media was removed, and cells were 

incubated in 100% methanol (chilled at -20°C) at room temperature for 5 min for fixation. Upon 

fixation, cell slides were washed three times with ice-cold PBS. Cells were then blocked via 

incubation with 1% BSA, 22.52 mg/mL glycine in PBST (PBS+ 0.1% Tween 20) for 30 min. 

Following this, cells were incubated in the described antibodies (1:100) in 1% BSA in PBST 1 h 
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at room temperature. Upon incubation cells were washed three times with PBS, 5 min each wash. 

Cells were then incubated with fluorescence dye-conjugated secondary antibody in 1% BSA for 1 

h at room temperature in the dark. The secondary antibody solution was then washed three times 

with PBS for 5 min each in the dark. Finally, a drop of mounting medium (ProLong Gold Antifade 

Reagent) was applied to each of the slides, and the coverslip was mounted. Nail polish was applied 

to seal coverslip and stored in the dark until imaged via fluorescence microscopy.  

 

2.13 Intracellular calcium imaging  

U2OS cells were seeded at 0.5×106 cells per 1 mL of DMEM. After 24 hours, cells were 

transiently co-transfected with venus fluorescent iV2-CALR variant plasmids and red fluorescent 

pCMV-R-CEPIAer, which was a gift from Masamitsu Iino (Addgene plasmid # 58216; 

http://n2t.net/addgene:58216 ; RRID:Addgene_58216). Cells were imaged on the Leica Stellaris 

8 Laser Scanning Confocal the following day. 

 

2.14 Calcium imaging analysis  

Venus expressing cells were segmented using the ROI manager on ImageJ. The intensity 

of the red fluorescent expression for each cell (5 cells per condition) was calculated then averaged. 

 

2.15 ELISA assay  

Enzyme-linked immunosorbent assay (ELISA) was performed in conditioned media of 

UT7-MPL cells expressing CALR mutant variants. Conditioned media was collected from cells 

plated 1.5x106 cells per well in a 6-well plate and 3 mL of growth media after 24hrs. ELISA assay 
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was performed and followed as indicated by the manufacturers protocol (R&D systems, Cat# 

DB100B).  

2.16 Cell Proliferation Assay 

Cultured Ba/F3-MPL or UT-7-MPL cells were washed 4 times with PBS to starve them of 

cytokines, then grown in RPMI-1640 supplemented with 10% FBS (Ba/F3) or 20% FBS (UT-7) 

and 5% penicillin/streptomycin. Cells were then seeded in triplicate with the indicated treatments 

at 1.25 × 105 cells/mL in the presence or absence of cytokines for the indicated time points. Living 

cells were counted at each time point using a Vi-CELL automated cell counter (Beckman Coulter). 

 

2.17 Annexin V/Propidium Iodide stain flow cytometry  

Ba/F3-MPL or UT7-MPL cells were harvested, washed 3 times with PBS and stained with 

FITC-Annexin V (BD) and propidium iodide, and incubated in the dark at room temperature for 

20 minutes. Cells were then re-suspended in 1X Annexin V Binding Buffer (BD), and the 

percentage of apoptotic and dead cells was measured on the Beckman CytoFLEX S flow 

cytometer.  

 

2.18 Drug preparation and treatments  

KIRA8 was a gift from Scott Oakes. For cell use purposes KIRA8 was given as a stock 

concentration of 20mM, which was then further diluted in Dimethylsulfoxide (DMSO) to 10,000 

uM. From this concentration, KIRA8 was diluted in the respective cell growth to the desired dose 

(in our case 5 uM) while DMSO was used a vehicle control. For mouse in vivo experiments, 

KIRA8 was dissolved in the following vehicle is 3% Ethanol, 1.2% sterile water, 7% Tween 80, 

and 88.8% of 0.85% NaCl and prepared as follows based on the amount of drug necessary (we did 
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50 mg/kg/day per mice): 100 mg of KIRA8 was added to 300 uL of 200 proof ethanol. This was 

then mixed in 120 uL of Milli Q water and briefly pulsed mixed in a 90°C heat block. Tubes were 

removed from heath block every few seconds, followed by vortex, and repulse until drug was 

dissolved completely (without over heating). 700 uL of Tween 80 were added followed by 

thorough mix and vortex. Drug mix was diluted to 10 mL with 0.85% NaCl followed by 

vortex/invert to mix thoroughly. The full solution was passed through a 0.22-micron syringe filter 

and then aliquot as desired. Drug aliquots were prepared 2-3 days before injections and stored at 

4°C and maintained in ice during injections. 2-Aminoethoxydiphenyl borate (2-APB) was 

purchased from Santa Cruz Biotechnology. For use, 2-APB was diluted in DMSO at 10 mM and 

then further diluted in growth media at the use treatment concentration of 100 uM. Venetoclax 

(ABT-199) was purchased from Abcam and diluted in DMSO at 50 mM. This concentration was 

further diluted in growth media at the use treatment concentration of 1 μM. Venetoclax was 

administered in mice at a dose of 25 mg/kg by oral gavage. Venetoclax treatment in mice was 

delivered in the following vehicle 60% phosal 50 propylene glycol, 30% polyethylene glycol 

(PEG) 400, 10% ethanol, and this same vehicle solution was used a control. 2-

Aminoethoxydiphenyl borate (2-APB) was purchased from Santa Cruz Biotechnology. For use, 2-

APB was diluted in DMSO at 10 mM and then further diluted in growth media at the use 

concentration of 100 uM.  

 

2.19 Immunohistochemistry 

Spleens and bone marrow were resected, fixed in formalin, and embedded in paraffin 

before being mounted onto Vectabond-coated Superfrost Plus Slides. Slides were baked at 60 

degrees C overnight, deparaffinized by 5-minute washes three times in xylene, hydrated in a graded 
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series of ethanol washes, and rinsed with distilled water. Epitopes were retrieved by heating 

samples in 10 mM Tris-EDTA buffer, pH 9 on high until boiling followed by 10 minutes on low. 

For XPB1 staining, sections were incubated in an XBP1 antibody (Abcam), diluted 1:500 using 

RTU horse serum overnight at 4 degrees C. After incubation in the primary antibody, sections 

were washed and incubated in ImmPRESS secondary antibody for one hour at room temperature. 

Sections were then washed three times and nuclear stained with Hematoxylin before two graded 

series of ethanol washes and one xylene wash for 30 minutes prior to mounting using Permount. 

Images were captured using the Zeiss Axioskop upright histology microscope at 40X 

magnification and analyzed using ImageJ software and 3D hisTECH. 

 

2.20 Histopathology 

Mouse tissues (bone marrow and spleen) were fixed in 10% neutral buffered formalin, 

embedded in paraffin, and stained with hematoxylin and eosin (H&E). Images of histologic slides 

were obtained on the CRi Pannoramic MIDI scanner (Cambridge Research and Instrumentation). 

Bone marrow megakaryocytes were analyzed and quantified by two independent pathologists who 

were blinded to mouse genotype and represent an average megakaryocyte count from 10 high-

power fields assessed.   

 

2.21 Statistical analysis 

All comparisons represent two-tailed unpaired Student’s t test analysis unless otherwise 

specified. p < 0.05 = *; p < 0.01 = **; p < 0.001 = ** 
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CHAPTER 3: TYPE 1 CALR MUTATIONS ACTIVATE THE IRE1α /XBP1 ARM OF 

THE UNFOLDED PROTEIN RESPONSE TO DRIVE MYELOPROLIFERATIVE 

NEOPLASMS 

 

Chapter 3 consist in part of the results section from Ibarra and Elbanna et al., Blood Cancer 

Discovery (2022); see publications section.  

 

Sustained ER stress has been documented in many cancer types, and some tumor cells 

exploit the UPR as a critical mechanism by which to withstand stress and promote survival (264, 

265). Although CALR, as an ER chaperone, is an important UPR effector, the role of the UPR in 

mutant CALR-driven MPNs remains unclear. One study showed that both type 1 and type 2 CALR 

mutations impair the UPR, but this work was shown in an artificial cell system co-expressing BCR-

ABL (266). Other studies have indicated that CALR mutations activate the UPR. One such study 

showed that CALR mutated CD34+ cells from MPNs patients exhibit transcriptional up-regulation 

of UPR genes (267), while another performed unbiased proteomics to identify the mutant CALR 

interactome and found that type 1 and type 2 mutant CALR proteins show enriched binding to 

UPR proteins compared to wild type CALR (268). Despite these advances in our understanding of 

calcium signaling and UPR activation in the context of CALR mutations, many outstanding 

questions remain. Here, we sought to first functionally validate whether the UPR is indeed 

activated by CALR mutations. Further, given the differences in both amino acid composition and 

clinical phenotype between type 1 and type 2 CALR mutants, we examined whether the UPR is 

differentially activated between mutation types, and in so doing provide the first evidence for 

unique molecular dependencies in type 1 versus type 2 mutant CALR-driven MPNs. In addition, 

though traditionally considered gain-of-function mutations, we sought to directly answer the 
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enduring question of whether type 1 CALR mutations serve as loss-of-function mutations in the 

context of calcium binding ability. Finally, we show that the functional consequence of the 

differential loss of calcium binding sites induced by type 1 versus type 2 CALR mutations is the 

activation of and dependency on the UPR, and that this pathway can be targeted for therapeutic 

intervention in type 1 mutant CALR-driven disease.  

 

3.1.1 Type 1 CALRdel52 mutations differentially activate the IRE1α/XBP1 pathway of the 

unfolded protein response 

To identify whether the UPR is differentially regulated in mutant versus wild type CALR 

(CALRwt)-expressing cells, and in type 1 CALRdel52 versus type 2 CALRins5-expressing cells, 

we performed whole-transcriptome RNA sequencing (Figure 3.2) using the Ba/F3 cell line model 

system in which we previously dissected the molecular mechanisms underlying mutant CALR-

mediated hematopoietic transformation (Figure 3.1) (250, 269). We found that CALRdel52 cells 

display strong enrichment of IRE1−mediated UPR as compared to both CALRwt and CALRins5-

expressing cells (Figure 3.3; Table 3.1).  
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In addition to its ER sensor domain, IRE1α possesses two enzymatic domains, an 

endonuclease (RNase) and a serine-threonine kinase domain, within its C-terminal cytoplasmic 

tail. Upon sensing misfolded proteins in the ER, IRE1α oligomerizes and trans-

autophosphorylates, which activates its endonuclease activity. The RNase domain then initiates an 

unconventional RNA splicing activity, removing a 26 nucleotide (nt) intron from the X-box 

binding protein 1 (XBP1) mRNA. Rejoining of the remaining mRNA fragments by the RTCB 

ligase results in translational a frameshift in XBP1 that produces a highly active transcription 

factor. XBP1 then translocates to the nucleus to execute various transcriptional programs involved 

in adaptation to cellular stress (270, 271).  

 

 

 

Figure 3.1 CALR mutant myeloproliferative neoplasms in vitro cell line models. Workflow for 

the generation of Ba/F3 (mouse pro-B cell line) and UT-7 MPL (human megakaryocytic) as cell 

line in vitro models for CALR mutant MPN.  

Figure 3.2 Workflow for RNA-Seq experiment in Ba/F3-MPL cells expressing CALR variants 

in MSCV-IRES-GFP (MIG) backbone. Upon CALR variants expression, cells were sorted for 

GFP positivity. RNA was isolated and sent to UChicago Genomics facility for RNA-

sequencing.  
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Given the enrichment of IRE1α-mediated UPR genes in CALRdel52 compared to CALRwt 

and CALRins5-expressing cells, we next assessed spliced XBP1 in CALRdel52 versus CALRwt 

and CALRins5 cells at the protein level. Indeed, consistent with our RNA-Seq results, we found 

that CALRdel52-expressing Ba/F3-MPL, human megakaryocytic UT-7-MPL demonstrate 

Figure 3.3 GSEA plots for IRE1α mediated unfolded protein response in Ba/F3-MPL-

CALRdel52 cells versus Ba/F3-MPL-CALRwt cells and Ba/F3-MPL-CALRins5 cells. 

(Contributions: J.I., H.G., Q.S.). 

Table 3.1 GSEA information 
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increased levels of spliced XBP1 (XBP1s) protein compared to CALRwt- and CALRins5-

expressing cells, this was accompanied with increased IRE1α phosphorylation (Figure 3. 4). 

Lastly, we examined XBP1s transcriptional activity by performing quantitative PCR (qPCR) of 

canonical XBP1s target genes in UT-7-MPL cells. In accordance with our previous results, we 

found significantly increased expression of XBP1 target genes DNAJB9, ADAM10, and SERP1 

(Figure 3.5), in type 1 CALRdel52- compared to CALRwt and type 2 CALRins5-expressing cells. 

Together, these results confirm that the IRE1α/XBP1 pathway of the UPR is differentially 

activated in CALRdel52 compared to CALRwt and CALRins5 cells. 

 

 

 

 

 

Figure 3.4 Expression of IRE1α/ XBP1 pathway components and canonical gene targets in B 

a/F3-MPL and UT-7-MPL cells expressing CALR variants. Western blot for phospho-IRE1α, 

total IRE1α and spliced XBP1 (XBP1s) in Ba/F3-MPL and UT-7-MPL cells expressing CALR 

variants (Contributors; J.I.).  
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3.2.2 Type 1 CALRdel52 mutations lead to loss of calcium binding function, resulting in ER 

calcium depletion  

Given the differential activation of IRE1α/XBP1 by CALRdel52 compared to CALRins5, 

we hypothesized that the molecular mechanism underlying this activation may be related to the 

loss of calcium binding residues unique to the type 1 protein (Figure 1.7). We first analyzed our 

RNA-Seq data for global transcriptomic changes in Ca2+ signaling pathways between CALRdel52 

versus CALRwt or CALRins5-expressing cells. We found that Ca2+ signaling pathway genes 

were significantly enriched in CALRdel52- as compared to CALRwt and CALRins5-expressing 

cells (Figure 3.6: Left). This suggests that there are indeed differences in calcium regulation 

unique to CALRdel52 cells.  

Next, we asked whether the CALRdel52 protein does in fact lose its ability to bind Ca2+ 

as a result of the loss of Ca2+ binding residues in the C-terminus. In order to examine this, we 

performed a Stains-All assay as a metric of Ca2+ binding ability. Stains-All is a cationic 

carbocyanine dye which, upon interaction with acidic Ca2+-binding residues, produces a dye-

Figure 3.5 qPCR for XBP1 targets DNAJB9, ADAM10, and SERP1 in UT-7-MPL cells. Each bar 

represents the average of three 3 replicates. Error bars denote standard deviation (SD). 

Significance was determined by 2-tailed Student’s t-test (* p<0.05; ** p<0.01; ***p<0.001). 

(Contributors: J.I., K.K.).  
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protein complex that increases the absorbance spectrum of the dye (273). We found that incubation 

of purified, recombinant CALR proteins (rCALR) (Figure 3.6: Right) with Stains-All dye led to 

similar increases in absorbance in CALRwt and CALRins5 protein-dye complexes compared to 

Stains-All alone, suggesting similar Ca2+ binding capabilities between the two proteins. However, 

CALRdel52 protein-dye complexes resulted in a significantly decreased absorbance compared to 

CALRwt and CALRins5, and no significant increase in absorbance compared to Stains-All alone 

(Figure 3.6: Center). Together, this suggests that CALRdel52 mutations, but not CALRins5 

mutations, lead to loss of Ca2+ binding function.  

 

     

 

 

Figure 3.6 Left: GSEA plots for Calcium signaling pathway in Ba/F3-MPL-CALRdel52 cells 

versus Ba/F3-MPL-CALRwt cells (left top) and Ba/F3-MPL-CALRins5 cells (left bottom). 

Center: Absorbance (640 nm) of 20 μg of recombinant CALRwt, CALRdel52, CALRins5 

incubated with 0.025% stains-all solution to indirectly measure the calcium binding ability of 

each rCALR protein. Each bar represents the average of 3 independent replicates. Error bars 

denote standard deviation (SD). Significance was determined by 2-tailed Student’s t-test (* 

p<0.05; ** p<0.01). Right: Western blot for CALR (which detects both wild type and mutant 

CALR) and mutant CALR (which only detects the mutant C-terminus) for rCALR proteins 

used in Stains-all assay (Contributions: J.I., H.G., Q.S.).  
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To next assess the functional effects of the loss of CALRdel52 Ca2+ binding ability, we 

performed Ca2+ imaging studies using a genetically encoded ER-targeted red fluorescent Ca2+ 

indicator, R-CEPIA1er (274). This sensor is designed to bind free intraluminal ER Ca2+ that is 

not bound by other proteins, and thus serves to qualitatively measure ER calcium concentration. 

Here, we used the human bone osteosarcoma cell line U2OS, an adherent cell line with abundant 

ER that has been shown to be optimal for live imaging studies. Cells were transiently co-

transfected with plasmids encoding CALRwt, CALRdel52, and CALRins5 in a backbone 

expressing Venus fluorescent protein (iV2) (275) and the plasmid encoding the R-CEPIA1er Ca2+ 

sensor 48 hours prior to imaging. Cell imaging studies revealed that cells transfected with 

CALRdel52 plasmid demonstrated significantly decreased fluorescence of the ER Ca2+ sensor, 

indicating decreased ER Ca2+ concentration, compared to cells expressing CALRwt or CALRins5 

Notably, this was not due to an inability of CALRdel52 to localize to the ER, as 

immunofluorescence studies demonstrated similar ER localization of FLAG-tagged CALRwt, 

CALRdel52, and CALRins5, evidenced by the overlap of staining for ER marker calnexin (red) 

with anti-FLAG (green). We thus conclude that loss of Ca2+ binding sites on the CALRdel52 

protein leads to a loss of Ca2+ binding function, resulting in diminished ER Ca2+ storage capacity 

and depleted ER calcium levels. Further, to get to the mechanism, we show that depletion of ER 

Ca2+ by CALRdel52 mediates activation of the IRE1α/XBP1 pathway, and that this activation 

can be rescued by introduction of a functional CALR Ca2+ binding construct. (This data was work 

from Elbanna Y. and is shown in Ibarra and Elbanna., et al Blood Cancer Discovery (2022) Figures 

2 & 3) (294).  
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3.2.3 Type 1 mutant CALRdel52-expressing cells are dependent on depleted ER calcium to 

activate IRE1α/XBP1, which promotes cell survival via up-regulation of BCL-2 

Early outputs of UPR activation attempt to restore protein homeostasis by increasing 

protein-folding capacity so the cell continues to survive and function. However, if these adaptive 

responses are inadequate, the UPR ER stress sensors, including the IRE1α/XBP1 arm, can initiate 

an alternative response called the terminal UPR, which in turn promotes cell death. Several studies 

have found that not only is IRE1α/XBP1 activated across different cancers, but that it might be 

necessary for the survival and growth of cancer cells under conditions of ER stress (277). Having 

discerned the mechanism of ER stress underlying activation of the IRE1α/XBP1 pathway in 

CALRdel52 cells, we next asked whether this pathway represents a unique molecular dependency 

that promotes CALRdel52 cell survival. 

To further interrogate the specific requirement of IRE1α and XBP1s for CALRdel52 cell 

survival, we generated shRNA knockdowns against IRE1α and XBP1 in Ba/F3-MPL cells. 

Knockdown efficiency of the top scoring shRNAs against IRE1α (Figure 3.7: Top) and XBP1 

(Figure 3.7: Center) were validated by western blot. Trypan blue exclusion cell counting assays 

demonstrated that cell viability was significantly decreased only in CALRdel52 cells upon 

knockdown of IRE1α and XBP1 (Figure 3.7: Bottom), suggesting that this pathway is required 

by CALRdel52 cells, but not CALRwt or CALRins5 cells for survival.  
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Figure 3.7 Top: Western blot for IRE1α and XBP1s in Ba/F3-MPL cells expressing 

CALR variants and either a scrambled shRNA or shRNA against IRE1α. Center: Western 

blot for XBP1 in Ba/F3-MPL cells expressing CALR variants and either a scrambled 

shRNA or shRNA against XBP1. Bottom: Total viable cell number at 48 hours post IL-3 

withdrawal in Ba/F3-MPL cells expressing CALR variants and either a scrambled shRNA 

or shRNA against IRE1α (left) or XBP1 (right). Ba/F3-MPL-CALRwt cells grown in the 

presence of IL-3 was included as a control. Each bar represents the average of 3 

independent replicates. Error bars denote standard deviation (SD). Significance was 

determined by 2-tailed Student’s t-test (** p<0.01; ***p<0.001). (Contributors, J.I.) 

 



 

 54 

We next sought to further dissect the mechanism by which IRE1α/XBP1 promotes cell 

survival, with a particular focus on the anti-apoptotic protein BCL-2. Although its function is best 

characterized in mitochondria, BCL-2 has also been shown to localize to the ER (278), where it 

plays a role in the control of Ca2+ homeostasis. Interestingly, BCL-2 over-expression has been 

shown to inhibit apoptosis in the face of depleted ER Ca2+ (279-281). Given the CALRdel52-

driven phenotype of ER Ca2+ depletion and consequential IRE1α/XBP1 activation we observed, 

we asked whether BCL-2 may act downstream of IRE1α/XBP1 to promote continued cell survival. 

Notably, BCL-2 has been shown to regulate the IRE1α/XBP1 pathway, whereby BCL-2 enhances 

IRE1α endonuclease activity to promote sustained production of XBP1s (282). However, whether 

BCL-2 can also act downstream of IRE1α/XBP1 to promote cell survival remains unclear.  

To address this question, we first analyzed our RNA-Seq for BH (BCL-2 homology) 

domain binding signatures in CALRwt, CALRdel52 and CALRins5-expressing cells. We found 

significant enrichment of BH domain binding genes in CALRdel52 compared to CALRwt (Figure 

3.8). Among the anti-apoptotic genes, we found to be up-regulated specifically in CALRdel52 

compared to CALRwt and CALRins5, we chose to focus on BCL-2 given its role in modulating 

the apoptotic response to ER Ca2+ depletion.  
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To validate BCL-2 up-regulation in CALRdel52 cells, we performed qPCR for BCL-2 in 

Ba/F3-MPL cells and UT-7-MPL cells (Figure 3.9: Top). In each cell type, we found significant 

up-regulation of BCL-2 mRNA expression in CALRdel52 cells compared to both CALRwt and 

CALRins5-expressing cells. We further confirmed this finding at the protein level by western blot 

in UT-7-MPL cells (Figure 3.9: Bottom). 

 

 

 

 

 

Figure 3.8 GSEA plots for BH domain binding in Ba/F3-MPL-CALRdel52 cells versus 

Ba/F3-MPL-CALRwt cells (Contributors: JI, Q.S., P.Y.,) 
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Figure 3.9 qPCR for BCL2 expression in Ba/F3-MPL cells (top left) and UT-7-MPL cells 

(top right) expressing CALRwt, CALRdel52 and CALRins5. Each bar represents the 

average of 3 independent replicates. Error bars denote standard deviation (SD). 

Significance was determined by 2-tailed Student’s t-test (* p<0.05; ***p<0.001). BCL-2 

expression in UT7-MPL cells expressing CALR variants (bottom right). (Contributors: J.I., 

K.K.,) 
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To determine if the observed BCL-2 up-regulation is mediated by the IRE1/XBP1 

pathway, we performed qPCR (Figure 3.10: Top) and western blot (Figure 3.10: Bottom left) 

for BCL-2 in XBP1 knockdown cells, which both display downregulation of XBP1. In all cases, 

we saw significantly decreased BCL-2 expression in CALRdel52 cells when XBP1 levels were 

down-regulated. Having validated that BCL-2 is downstream of XBP1 in CALRdel52 cells, we 

next sought to confirm that XBP1 up-regulates BCL-2 to promote cell survival in CALRdel52 

cells. To do this, we treated cells with BCL-2 inhibitor Venetoclax and performed Annexin V/PI 

staining to assay for apoptosis (Figure 3.10: Bottom right). We found that while neither CALRwt 

nor CALRins5 cells exhibited a significant increase in apoptosis upon Venetoclax treatment, 

CALRdel52 cells underwent significant apoptotic cell death upon treatment. This suggests that the 

IRE1/XBP1 pathway mediates up-regulation of BCL-2 specifically in CALRdel52 cells to 

promote cell survival in the face of CALRdel52-driven ER Ca2+ depletion. 
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Figure 3.10 Top: qPCR for BCL2 expression in Ba/F3-MPL cells expressing CALR variants and a 

scramble shRNA or shRNA against XBP1. Each bar represents the average of 3 independent 

replicates. Error bars denote standard deviation (SD). Significance was determined by 2-tailed 

Student’s t-test (*** p<0.001).  Bottom left: Western blot for BCL-2 in Ba/F3-MPL cells expressing 

CALR variants and a scramble shRNA (-) or shRNA against XBP1 (+).  Bottom right: Quantification 

of flow cytometric analysis for Annexin V/PI double positivity in Ba/F3-MPL cells expressing CALR 

variants and treated with or without Venetoclax (1 μM for 24 hours). Each bar represents the average 

of 3 independent replicates. Error bars denote standard deviation (SD). Significance was determined 

by 2-tailed Student’s t-test (*** p<0.001). (Contributors: J.I., K.K.,) 
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3.2.4 XBP1 up-regulates the IP3 receptor to induce a positive feedback loop of sustained 

depleted ER calcium and IRE1/XBP1 pathway activation in type 1 CALRdel52-expressing 

cells 

Having dissected the requirement for IRE1α/XBP1 signaling in promoting survival of 

CALRdel52 cells, we next turned our focus to how CALRdel52 cells sustain depleted ER Ca2+ in 

order to promote continued activation of IRE1α/XBP1 survival signaling. Inositol 1,4,5-

trisphosphate (IP3) receptors (IP3Rs) the main Ca2+-release channels in the ER and play a key 

role in the control of Ca2+ signaling (238). Notably, IP3Rs initiate SOCE, which has been shown 

to be differentially regulated in mutant versus wild type-CALR expressing cells (252, 261). 

Interestingly, BCL-2 has been shown to bind IP3R in order to inhibit Ca2+ release from the ER, 

which in turn prevents apoptosis (284). Here, we hypothesized that because CALRdel52 mutations 

engender dependency on depletion of ER Ca2+, this mechanism is re-wired to promote IP3R-

regulated Ca2+ release from the ER and sustain IRE1α/XBP1 activation, which up-regulates BCL-

2 to promote cell survival independent of IP3R inhibition.  

 

To first assess whether IP3R is up-regulated in CALRdel52-expressing cells, we performed 

qPCR for the IP3R gene ITPR1 in Ba/F3-MPL cells and UT-7-MPL cells (Figure 3.11: Top). In 

each cell type, we found significant up-regulation of ITPR1 mRNA expression in CALRdel52 

cells compared to CALRwt and CALRins5-expressing cells. We confirmed this finding at the 

protein level by western blot in Ba/F3-MPL and UT-7-MPL cells (Figure 3.211: Bottom).  
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Figure 3.11 qPCR for ITPR1 in Ba/F3-MPL cells (top left) and UT-7-MPL cells (top right) 

expressing CALRwt, CALRdel52 and CALRins5. Each bar represents the average of 3 

independent replicates. Error bars denote standard deviation (SD). Significance was determined by 

2-tailed Student’s t-test (** p<0.01; ***p<0.001).Western blot for IP3R in Ba/F3-MPL and UT-7-

MPL cells expressing CALR variants. β-actin was used as a loading control (bottom right). 

(Contributors: J.I., K.K.,) 
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To determine if this up-regulation is mediated by the IRE1α/XBP1 pathway, we performed 

qPCR and western blot (Figure 3.12) for ITPR1 in XBP1 knockdown cells.  We saw significantly 

decreased ITPR1 mRNA (Figure 3:12 Top) and IP3R protein (Figure 3:12 Bottom) expression 

only in CALRdel52 cells in response to XBP1 down-regulation. This suggests that CALRdel52 

cells mediate up-regulation of IP3R at least in part via the IRE1α/XBP1 pathway.  

 

 

Next, we tested whether IP3R is the channel by which CALRdel52-expressing cells 

mediate efflux of ER Ca2+ to sustain ER Ca2+ depletion. To do so, we utilized the allosteric IP3R 

inhibitor, 2-aminoethoxydiphenyl borate (2-APB), which inhibits IP3R Ca2+ release (285). U2OS 

cells transiently co-transfected with CALR variants and the CEPIA1er Ca2+ sensor was treated 

with vehicle or 2-ABP for 90 seconds and imaged as previously described in Figures 2 and 3. We 

found that CALRdel52-expressing cells treated with 2-APB demonstrated significantly increased 

Figure 3.12 Top: qPCR for ITPR1 expression in Ba/F3-MPL cells expressing CALR 

variants and a scramble shRNA or shRNA against XBP1. Each bar represents the 

average of 3 independent replicates. Error bars denote standard deviation (SD).  

Significance was determined by 2-tailed Student’s t-test (* p<0.05). bottom: Western 

blot for IP3R in Ba/F3-MPL cells expressing CALR variants and a scramble shRNA 

(-) or shRNA against XBP1 (+) (Contributors: J.I., K.K.,).  
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ER Ca2+ levels compared to CALRdel52 cells treated with vehicle, as measured by fluorescence 

of the ER Ca2+ sensor (Figure 3.13). This suggests that IP3R is at least partially responsible for 

the depleted ER Ca2+ stores in CALRdel52 cells. 

 

 

 

 

 
 

Finally, we tested the hypothesis that XBP1 up-regulates IP3R to produce a positive 

feedback loop whereby IP3R sustains ER Ca2+ depletion to promote continued activation of 

IRE1/XBP1 in CALRdel52 cells. To do this, we interrogate the effects of IP3R inhibition on 

XBP1 transcriptional activity, we performed qPCR for XBP1 targets ADAM10 and SERP1, and 

found that 2-APB treatment led to significantly decreased expression of both genes in CALRdel52 

cells (Figure 3.14: Top).  Finally, to determine whether IP3R activity is important for the survival 

of CALRdel52 cells, we treated UT-7-MPL cells with 2-APB and performed Annexin V/PI 

staining to measure apoptosis. We found that while 2-APB had no significant pro-apoptotic effect 

Figure 3.13 Left: quantification of relative fluorescence of Ca2+ sensor in U2OS cells 

expressing iV2-CALRdel52 treated with or without 2-APB (100 μM for 1.5 minutes). Each 

bar represents the average of 3 independent replicates. Error bars denote standard deviation 

(SD). Significance was determined by 2-tailed Student’s t-test (* p<0.05). Right: 

Representative images of Ca2+ sensor expression (red) in U2OS cells transiently transfected 

with iV2-CALRwt, CALRdel52, and CALRin5 (green) in the presence or absence of treatment 

with IP3R inhibitor 2-ABP (100 M, 5 minutes). White scale bars = 10 m.  (Contributors: 

J.I., Y.E.).  
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on CALRwt or CALRins5-expressing cells, CALRdel52 cells displayed significantly increased 

annexin V-PI positivity in response to 2-APB treatment (Figure 3.14: Bottom).  

 

 

                                             

                                        

 

To determine whether this increased cell death is mediated through down-regulation of 

BCL-2, we performed a western blot for BCL-2 in 2-ABP treated UT-7-MPL cells. Indeed, we 

found that BCL-2 expression is decreased in CALRdel52 cells upon 2-ABP treatment (Figure 

3.15). Together, these results indicated that CALRdel52 cells promote ER Ca2+ depletion via 

Figure 3.14 Top: qPCR for ADAM10 and SERP1 expression in UT-7-MPL cells expressing 

CALR variants treated with or without 2-APB (100 μM for 24 hours). Each bar represents the 

average of 3 independent replicates. Error bars denote standard deviation (SD). Significance 

was determined by 2-tailed Student’s t-test (** p<0.01). Bottom: quantification of flow 

cytometric analysis for Annexin V/PI double positivity in Ba/F3-MPL cells expressing CALR 

variants and treated with or without 2-ABP (100 μM for 72 hours). Each bar represents the 

average of 3 independent replicates. Error bars denote standard deviation (SD). Significance 

was determined by 2-tailed Student’s t-test (*** p<0.01) (Contributors, J.I., D.R.). 
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XBP1-mediated up-regulation of IP3R, which in turn leads to continued activation of IRE1α/XBP1 

to promote cell survival through BCL-2.  

 

 

 

 

 

3.1.5 The IRE1α/XBP1 pathway represents a novel target for therapy in CALRdel52-driven 

MPNs 

Given the dependence of CALRdel52 cells on the IRE1α/XBP1 pathway, we reasoned that 

IRE1α may represent a novel target for therapy in CALRdel52-driven MPNs. To test this, we 

employed the highly selective IRE1α inhibitor, KIRA8, that binds to the kinase domain of IRE1α 

and allosterically inhibits its RNase activity (286).  

Figure 3.15 Western blot for BCL-2 in Ba/F3-MPL cells expressing CALR variants and treated with 

or without 2-ABP (100 μM for 24 hours). β-actin was used as a loading control. (B) Quantification 

of BCL-2 band relative to β-actin control from Figure 5I. Analysis was performed using Thermo 

Fisher Scientific iBright Analysis Software. (Contributors: J.I).  
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Figure 3.16 KIRA8 molecular structure (top) and mechanism of action (bottom). Figure 

adapted from Moore PC, Qi JY, Thamsen M, et al. Parallel Signaling through IRE1α and 

PERK Regulates Pancreatic Neuroendocrine Tumor Growth and Survival. Cancer Res. 

2019;79(24):6190-6203. doi:10.1158/0008-5472.CAN-19-1116 (Ref. 241) 
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We found that KIRA8 specifically inhibited viability of and induced apoptosis in 

CALRdel52-expressing Ba/F3-MPL cells (Figure 3.18: Left and Right), UT-7-MPL cells 

(Figure 3.19: Left and Right), without affecting cells expressing CALRwt or CALRins5. This 

suggests that inhibiting IRE1α may have minimal off-target effects on cells not expressing 

CALRdel52. Finally, to assess the effects of KIRA8 treatment on XBP1 targets BCL-2 and IP3R, 

we performed western blot in KIRA8-treated Ba/F3-MPL-CALR cells.  

 

Figure 3.17 Western blot for phospho-IRE1α, total IRE1α and XBP1s in Ba/F3-MPL (left) 

cells expressing CALR variants treated with or without KIRA8 (5 μM for 4 hours). β-actin 

was used as a loading control. Western blot for phospho-IRE1α, total IRE1α and XBP1s 

in UT-7-MPL (right) cells expressing CALR variants treated with or without KIRA8 (5 μM 

for 4 hours). β-actin was used as a loading control. (Contributors: J.I.).  
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Figure 3.18 Left: total viable cell number at 72 hours post IL-3 withdrawal in Ba/F3-MPL 

cells expressing CALR variants treated with or without KIRA8 (5 μM). Right: 

Quantification of flow cytometric analysis for Annexin V/PI double positivity in Ba/F3-

MPL cells expressing CALR variants and treated with or without KIRA8 (5 μM for 48 

hours). Each bar represents the average of 3 independent replicates. Error bars denote 

standard deviation (SD). Significance was determined by 2-tailed Student’s t-test 

(***p<0.001). (Contributors: J.I.).  
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We found that KIRA8 treatment led to down-regulation of BCL-2 (Figure 3.20: Left), 

phospho-IP3R, and total IP3R expression levels (Figure 3.20: Right) in CALRdel52 cells, 

confirming that KIRA8 treatment is able to mitigate the expression and activity of these critical 

targets that drive CALRdel52 cell survival. 

 

 

Figure 3.19 Left: total viable cell number at 72 hours post IL-3 withdrawal in Ba/F3-MPL cells 

expressing CALR variants treated with or without KIRA8 (5 μM). Right: quantification of flow 

cytometric analysis for Annexin V/PI double positivity in Ba/F3-MPL cells expressing CALR 

variants and treated with or without KIRA8 (5 μM for 48 hours). Each bar represents the average 

of 3 independent replicates. Error bars denote standard deviation (SD). Significance was 

determined by 2-tailed Student’s t-test (***p<0.001). (Contributors: J.I.).  
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3.1.6 Inhibition of IRE1α signaling abrogates MPNs disease progression in vivo 

Finally, to study the effects of IRE1α inhibition in vivo, we used a bone marrow 

transplantation (BMT) model of mutant CALR-driven ET as previously described (250, 287). 

Briefly, c-KIT–enriched primary mouse bone marrow cells were transduced with retroviruses 

expressing CALRwt, CALRdel52, or CALRins5, and transplanted into lethally irradiated recipient 

mice. 10 weeks post-transplantation, mice were bled retro-orbitally to confirm onset of 

thrombocytosis in CALRdel52 mice, then randomly divided into two groups per genotype (n=5 

per group). Mice from each group were treated with intraperitoneal injection of either vehicle or 

50 mg/kg KIRA8 on a 7 day on/7 day off dose schedule for a total of 6 weeks (Figure 3.21).  

Figure 3.20 Left: Western blot for BCL-2 in Ba/F3-MPL cells expressing CALR variants 

treated with or without KIRA8 (5 μM for 24 hours). β-actin was used as a loading control. 

Right: Western blot for IP3R in Ba/F3-MPL cells expressing CALR variants treated with or 

without KIRA8 (5 μM for 24 hours). β-actin was used as a loading control. (Contributors: 

J.I.).  
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At 16 weeks post-transplantation, mice were sacrificed for endpoint analysis, which 

included complete blood counts (CBC) and histopathological analysis. CBC analysis revealed that, 

as expected, mice receiving CALRdel52-expressing cells demonstrated significantly increased 

platelet (PLT) counts at 16 weeks, compared to mice receiving CALRwt and CALRins5-

expressing cells. Notably, although CALRins5 mutations are associated with ET in human 

patients, this oncogene has been shown to be a weaker driver of ET in mice, with no detectable 

thrombocytosis at 16 weeks in a BMT model (293). Likewise, we saw no evidence of 

thrombocytosis in CALRins5 mice at this time point. Remarkably, we found that just 7 days of 

KIRA8 treatment in CALRdel52 mice was sufficient to induce a significant decrease in platelet 

counts (Figure 3.22: Top). Hematocrit (HCT) (Figure 3.22: Center) and white blood cell (WBC) 

counts (Figure 3.22: Bottom) were generally consistent across all genotypes, as previously 

reported (256), and unaffected by KIRA8 treatment. 

Figure 3.21 Schematic of retroviral bone marrow transplantation assay (BMT). c-KIT–

enriched primary mouse bone marrow cells were transduced with retroviruses expressing 

CALRwt, CALRdel52, or CALRins5, and transplanted into lethally irradiated recipient mice. 

10 weeks post-transplantation, mice were bled retro-orbitally to confirm onset of 

thrombocytosis in CALRdel52 mice, then randomly divided into two groups per genotype. 

Mice from each group were treated daily with intraperitoneal injection of either vehicle or 50 

mg/kg KIRA8 for 7 days. At 16 weeks post-transplantation, mice were sacrificed for endpoint 

analysis. 
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Figure 3.22 Platelet counts (PLT; top), white blood cell counts (WBC; middle) and hematocrit 

(HCT; bottom) at 16 weeks post-transplantation in the peripheral blood of recipient mice 

receiving CALRwt, CALRdel52, or CALRins5-expressing c-KIT+ bone marrow cells treated 

with KIRA8 as indicated (n=10 in each group). Each bar represents the average of 5 mice. Error 

bars denote standard deviation (SD). Significance was determined by 2-tailed Student’s t-test 

(** p<0.01). (Contributors: J.I, Y.E., K.K.).  
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Histopathological analysis of mouse bone marrow sections further revealed that 

CALRdel52 mice displayed hallmark characteristics of ET, which were abrogated following 7 

days of KIRA8 treatment. Bone marrow from vehicle-treated CALRdel52 mice displayed 

hypercellularity with enlarged, hyperlobulated megakaryocytes that demonstrated a tendency 

towards clustering and signs of emperipolesis. In contrast, bone marrow from KIRA8-treated 

CALRdel52 mice show mostly normocellularity with megakaryocytes that are decreased in size, 

frequency, clustering, and numbers (Figure 3.23 and 3.24).  

 

 

 

 

Figure 3.23 Histopathologic hematoxylin and eosin (H&E) sections of bone marrow from 

representative CALRwt, CALRdel52 and CALRins5 mice treated with vehicle or 50 mg/kg/day 

KIRA8 (20x magnification, black scale bars = 100 m). (Contributors: J.I, Y.E., K.K.). 
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Figure 3.24 Megakaryocyte counts per high power field (HPF) in bone marrow of CALRwt, 

CALRdel52 or CALRins5 mice treated with vehicle or 50 mg/kg/day KIRA8. Each bar 

represents the average of 5 mice. Error bars denote standard deviation (SD). Significance was 

determined by 2-tailed Student’s t-test (** p<0.01). (Contributors: J.I, Y.E., K.K.). 
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Lastly, to validate that the effects of KIRA8 on CALRdel52-driven disease attenuation 

were indeed mediated through inhibition of IRE1α/XBP1 signaling, we performed 

immunohistochemistry for total XBP1 on mouse bone marrow sections (Figure 3.25). In vehicle 

treated CALRdel52 mouse bone marrow, we saw prominent positive staining for XBP1, including 

nuclear expression in megakaryocytes. Importantly, KIRA8 treatment led markedly decreased 

expression of XBP1 in CALRdel52 mouse bone marrow.  

 

       

 

 

 

 

 

 

Figure 3.25 Immunohistochemical analysis for XBP1 in bone marrow from representative 

CALRwt, CALRdel52 and CALRins5 mice treated with vehicle or 50 mg/kg/day KIRA8 

(40x magnification, black scale bars = 25 m). (Contributors: J.I, Y.E., K.K.). 
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Finally, given the up-regulation of BCL-2 in CALRdel52-expressing cells, and the ability 

of BCL-2 inhibitor Venetoclax to induce apoptosis and reduce cell viability specifically in 

CALRdel52 cell lines, we tested Venetoclax in our BMT model to determine its efficacy in 

abrogating disease compared to KIRA8.  The BMT was performed as above, and 10 weeks post-

transplantation, mice were bled retro-orbitally to confirm onset of thrombocytosis in CALRdel52 

mice, then randomly divided into two groups per genotype (n=10 per group). Mice from each 

group were treated for 5 days with vehicle, 50 mg/kg KIRA8 as described above, or 25 mg/kg 

Venetoclax administered by oral gavage (Figure 3.26). At 11 weeks post-transplantation, CBC 

analysis revealed that, as expected, mice receiving CALRdel52-expressing cells demonstrated 

significantly increased platelet (PLT) counts compared to mice receiving CALRwt and CALRins5-

expressing cells. KIRA8 and Venetoclax treatment both led to significant PLT reduction in 

CALRdel52 mice, with KIRA8 showing slightly more efficacy than Venetoclax.     

 

 

Figure 3.26 Platelet counts (PLT) at 11 weeks post-transplantation and 5 weeks post-

treatment in the peripheral blood of recipient mice receiving CALRwt, CALRdel52, 

or CALRins5-expressing c-KIT+ bone marrow cells treated as indicated (n=30 in 

each group). Each bar represents the average of 10 mice. Error bars denote standard 

deviation (SD). Significance was determined by 2-tailed Student’s t-test (** p<0.01). 

(Contributors: J.I., H.G., D.R., M.C.). 
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Together, these results demonstrate that pharmacological inhibition IRE1α signaling, 

where targets include IRE1α itself as well as BCL-2, leads to substantial abrogation of 

CALRdel52-driven MPNs disease progression in vivo. Further studies are warranted to test BCL-

2 inhibition more thoroughly in this model (including treating mice until at least the 16-week 

endpoint). In addition, we conducted preliminary studies to test the efficacy of combined IRE1α 

and BCL-2 inhibition on CALRdel52-driven disease but found that the combination at the doses 

used (50 mg/kg/day KIRA8 + 25 mg/kg/day Venetoclax for 7 days) was lethal for all animals 

tested. Thus, additional studies are warranted to identify a therapeutic window for this combination 

that may result in synergistic inhibition of CALRdel52-driven disease.  
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CHAPTER 4: INVESTIGATING THE ROLE OF THE RTCB LIGASE IN CALR 

MUTANT MYELOPROLIFERATIVE NEOPLASMS 

 

Building from our findings where type 1 CALR mutant cells rely on the IRE1α/XBP1 arm 

of the unfolded protein response for survival in MPNs, we decided to further interrogate 

components of this pathway and ask whether these represent a further therapeutic target for MPNs 

malignancy. To this end, we aimed at exploring the role of RTCB in CALR mutant MPNs. As the 

ligase responsible for catalyzing the splicing of XBP1 mRNA upon IRE1α cleavage (187-192, 

208, 140, 152), we hypothesized that RTCB targeting could perhaps represent a further 

improvement in targeting IRE1α/XBP1 in type 1 CALR del52 mutant MPN, given the XBP1 

independent function IRE1α exerts, such as RIDD activation, which can promote apoptosis. 

Notably, current IRE1α /XBP1 pathway inhibitors are limited to IRE1α inhibition, while XBP1 as 

a transcription factor remains yet challenging to target due its structural disorder and the lack of 

small-molecule binding pockets. Therefore, identifying and targeting components specific to 

XBP1 activation such as RTCB, can help separate IRE1α/XBP1 therapeutic functions and their 

relevance to cancer and biology.  
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4.2.1 RTCB protein expression in CALR mutant variant UT7-MPL MPNs in vitro cell 

model 

 

Given the overexpression and activation of the IRE1α/XBP1 arm of the unfolded protein 

response in type 1 CALRdel52 mutant MPNs cells, we first aimed at examining RTCB expression 

in our UT7-MPL cells model overexpressing the CALR variants.  Indeed, RTCB was expressed 

across all cells including CALRwt, CALRdel52 and CALRins5. Notably, we observed elevated 

RTCB expression in both CALRde52 and CALRins5 cells (Figure 4.1). Given this result, we then 

moved on to interrogating whether RTCB expression was required for the survival of both CALR 

mutant (CALRdel52 and CALRins5) cells. 

 
 

 

4.2.2 Knockdown validation of RTCB in UT7-MPL cells expressing CALR mutant variants  

 

First to interrogate the specific requirement of RTCB for the survival of CALRdel52 and/or 

CALRins5 expressing cells, we generated shRNA knockdowns against human RTCB in UT-7 

MPL cells. From the 3 shRNAs tested, only one of these was able to achieve significant 

knockdown across all cell lines as validated via qPCR (Figure 4.2). We then moved forward with 

this set of CALR variants cells with successful RTCB shRNA knockdown, while considering the 

limitations and further need to include additional shRNAs to validate any preliminary 

observations. In addition, validation of knockdown efficiency at protein level for RTCB needs to 

follow up.  

Figure 4.1 Western blot for RTCB in UT-MPL cells expressing CALRwt, CALRde52 

or CALRins5 variants. β-actin was used as a loading control. (Contributors: J.I.) 
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4.2.3 RTCB knockdown alters growth in CALR mutant expressing UT7-MPL cells 

 

To examine the effect of RTCB knockdown on cell growth, we performed trypan blue 

exclusion cell counting assays. While RTCB knockdown did not attenuate the growth in CALRwt 

expressing UT7-MPL cells, we observed a significant decrease in cell growth in CALRdel52 

expressing cells. However, surprisingly, we observed a drastic and even more significant 

attenuation of growth in CALRins5 expressing UT7-MPL cells, suggesting that this pathway might 

not be only significant for the growth of CALRde52 cells but also even more necessary for 

CALRins5 mutant cells. Notably, these experiments need to be further validated and followed up 

with additional shRNAs knockdown and/or RTCB deletion via CRISPR/Cas9.  

Figure 4.2 Validation of RTCB expression via in UT-7-MPL cells expressing CALR 

variants transduced with shRNA against RTCB (TRCN0000296541) or scramble 

control. Each bar represents the average of 3 independent replicates. Error bars denote 

standard deviation (SD). Significance was determined by 2-tailed Student’s t-test (** 

p<0.01.) (Contributors: J.I.) 
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Figure 4.3 Total viable cell number at 72 hours post GM-CSF withdrawal in UT7-MPL 

cells expressing CALR variants and either a scrambled shRNA or shRNA against RTCB. 

UT7-MPL-CALRwt cells grown in the presence of GM-CSF was included as a control. 

Each bar represents the average of 3 independent replicates. Error bars denote standard 

deviation (SD). Significance was determined by 2-tailed Student’s t-test (** p<0.01; 

***p<0.001). (Contributors: J.I.) 
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CHAPTER 5: MODELING MYELOFIBROSIS IN AN IN-VITRO CELL SYSTEM 

 

The bone marrow is a highly complex site, that houses a diverse population of cells with a 

multitude of functions. When it comes to studying the specific crosstalk functions among cells in 

this context, it can be quite challenging given signaling noise that can arise across the variety of 

cells at play. In the setting of myelofibrosis, which is characterized by the accumulation and 

excessive deposition of reticulin and collagen fibers (235), there is a major interplay between 

malignant clones and the bone marrow stromal cells (BMSCs) that promote fibrosis transformation 

(296-302). Notably, it has been proposed that fibrosis in MPNs results from abnormal growth 

factors and cytokine availability from mutant hematopoietic progenitors (236). Therefore, given 

the importance of cell-cross talk between mutant hematopoietic progenitors and the BMSCs in 

bone marrow fibrosis development, it is then critical to develop cell systems that recapitulate and 

yet facilitate the study of such specific cellular interactions and dynamics in order to isolate the 

mechanisms driving such fibrotic processes and enable molecular target discovery. Given this 

reasoning, we aimed at developing a cell in vitro system where we could study the specific 

contributions of CALR mutant MPNs cells to the bone marrow stroma in fibrosis development.  

 

5.2.1 UT-7-MPL CALR mutant cell conditioned media leads to fibrotic markers 

upregulation in bone marrow stromal cells  

First, we established a cell conditioned media system (Figure 5.1), where we took 

conditioned media from wild type, type 1 and type 2 CALR mutant expressing UT-7 cells and 

treated human bone marrow stroma cells (in this case use HS5, a human bone marrow derived 

stromal cell line) with that conditioned media to ask whether under these conditions we can 

recapitulate fibrotic transformation phenotype observed in vivo.  
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Notably, upon establishment of this system, we observed that treatment of HS-5 cells with 

conditioned media from CALR transformed UT7-MPL cells led to increase in fibrotic markers, 

particularly we observed upregulation of fibronectin via immunoblot in both CALRdel52 and 

CALRins5 conditioned media treated HS-5 cells after 7 days of treatment (Figure 5.2). In addition, 

we also observed upregulation of COL1A1 in CALRdel52 cells at this timepoint (Figure 5.2). 

In an alternative approach, using immunofluorescence we also saw upregulation of 

fibronectin in CALRdel52 cells conditioned media treated HS-5 cells after 72hrs of treatment 

(Figure 5.3) Overall, these results show that via this in vitro system we are able to recapitulate a 

fibrotic phenotype that mimics CALR mutant transformed cells crosstalk with the bone marrow 

stroma, and propose the use of this isolated system to study the mechanisms involved in MF 

fibrogenesis in the future. 

Figure 5.1 Development of media for myelofibrosis in vitro cell model. Supernatant 

conditioned media from UT7-MPL cells expressing either CALRwt, type 1 CALR de52, or 

type 2 CALRins5 was taken to treat HS-5 bone marrow stromal cells (BMSCs) followed by 

fibrotic marker (COL1A1 and fibronectin) expression assessment via western blot and 

immunofluorescence. (Generated in BioRender) 
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5.2.2 Type 1 CALR mutant UT7-MPL cells show elevated TGF-β secretion levels 

To gain mechanistic insights, we proposed to start by studying TGF-β, a master regulator 

of fibrogenesis, which has been shown to play a role in myelofibrosis transformation. Notably, 

UPR signaling has been shown to modulate cytokine and growth factors downstream, and thus we 

hypothesize that perhaps there might be a contribution from the IRE1α/XBP1 pathway into TGF-

β modulation. To this end, we assessed for TGF-β1 secretion levels in our in-vitro UT7-MPL 

CALR mutant transformed cell system. Based on this, we surprisingly found increased TGF-

β1 levels in type 1 CALRdel52 UT7-MPL cells conditioned media compared to CALRwt or 

CALRins5 expressing cells (Figure 5.4).  

 

5.2.3 TGF-β as a plausible myelofibrosis driver in type 1 CALR mutant myelofibrosis  

Finally, to validate the already existing data supporting TGF-β1 modulation in fibrotic 

collagen deposition, we took our HS-5 cells and treated them with human recombinant TGFB-1; 

and indeed, we observed increase in COL1A1 expression via immunofluorescence (Figure 5.5). 

Overall, these preliminary data encourage future studies into whether a link exists between 

IRE1α/XBP1 activity and TGF-β modulation in fibrogenesis development in the context of 

myelofibrosis. 
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Figure 5.2 Western blot for fibronectin and COL1A1 in HS-5 BMSCs treated for 7 days 

with conditioned media from UT7-MPL cells expressing CALR variants. β-actin was used 

as a loading control. (Contributors: J.I.).  

Figure 5.3 Immunofluorescence for fibronectin (red) in HS-5 BMSCs treated for 72 hours with 

days with conditioned media from UT7-MPL cells expressing CALR variants. (Contributors: 

J.I.).  
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Figure 5.4 Relative TGF-β1 levels as quantified via enzyme-linked immunosorbent 

assay (ELISA) in the conditioned media from wild type, type 1 del52, and type 2 ins5 CALR 

mutant variants expressing UT7-MPL cells (1x replicate per condition). (Contributors: J.I.). 

Figure 5.5 Immunofluorescence for COL1A1 (red) in HS-5 BMSCs treated with human 

recombinant TGF-β1 (2.5 ng/ml) for 48 hours. (Contributors: J.I). 
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CHAPTER 6: DISCUSSION 

Chapter 6 consist in part of the discussion section from Ibarra and Elbanna et al., Blood Cancer 

Discovery (2022); see publications section.  

The identification of the distinct phenotypic and prognostic outcomes of type 1 versus type 

2 CALR mutations has provided important insight into how these mutations differ clinically, 

despite their shared mutant C-terminus (251,252). However, since this finding, there has been little 

in the way of understanding how these mutations differ in cellular consequence, and what their 

differential molecular dependencies may be. Here, we show the first evidence of a unique 

molecular dependency in type 1 versus type 2 CALR mutations and demonstrate that this novel 

dependency is a functional consequence of the molecular difference between type 1 and type 2 

CALR mutations. 

Because CALR mutations are classified based on extent of homology with the C-terminal 

Ca2+ binding domain of wild type protein, we sought to investigate pathways that would be most 

influenced by the loss of Ca2+ binding sites in the type 1 versus type 2 protein. This, together with 

the fact that CALR is an ER chaperone that is heavily implicated in the regulation of ER stress, 

led us to focus on the UPR as a potential differential dependency between type 1 and type 2 mutant 

CALR-expressing cells. In so doing, we found that type 1, but not type 2 CALR mutations lead to 

activation of the most ancient and conserved arm of the UPR, the IRE1/XBP1 pathway. We 

hypothesized that type 1 CALR mutations may lead to depleted ER calcium due to the inability of 

the type 1 mutant protein to bind and store Ca2+ in the ER. Indeed, we found that type 1 CALR 

mutant proteins demonstrate significantly impaired Ca2+ binding ability, and that this results in 

chronically depleted ER Ca2+ levels. Further, we found that this ER Ca2+ depletion directly 

activates the IRE1/XBP1 pathway of the UPR, and that the ER calcium efflux receptor IP3R is 
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up-regulated downstream of XBP1 to sustain a state of depleted ER calcium, which in turn creates 

a positive feedback loop to maintain IRE1/XBP1 activation. We further show that this pathway 

represents a unique molecular dependency for type 1- compared to type 2-mutant CALR 

expressing cells or wild type cells, in part through up-regulation of BCL-2 and can be 

pharmacologically targeted both in vitro and in vivo to specifically induce death of type 1 mutant 

CALR-expressing cells and abrogate type 1 mutant CALR-driven disease (Figure 6.1).  

One major outstanding question from this work is how and why the endogenous copy of 

wild type CALR in our over-expression cell line models fails to compensate for the loss of 

CALRdel52 Ca2+ binding that precipitates activation of the IRE1/XBP1-BCL2/IP3R signaling 

network. Because CALR mutations are nearly always heterozygous, we hypothesize that mutant 

CALR may exert a dominant negative effect over the wild type copy and therefore not require 

homozygosity to engender a phenotype. Though outside the scope of this work, we are currently 

exploring this as a possibility for how CALR mutations may cause loss of total protein function 

even in a heterozygous background. 

Additional remaining questions relate to the mechanisms underlying BCL2 and IP3R in 

this model. BCL2 has been shown to bind to the IP3 receptor in order to inhibit Ca2+ release from 

the ER, which in turn prevents apoptosis. In contrast, we show that although BCL2 is up-regulated 

by XBP1, IP3R is also up-regulated and activated by this pathway, and in fact serves to sustain 

IRE1/XBP1 survival signaling. Further investigation into this paradoxical rewiring of BCL2-

mediated regulation of IP3R and its underlying mechanisms in the context of type 1 CALR 

mutations is certainly warranted. Moreover, our data show that BCL2 is up-regulated downstream 

of XBP1, and that BCL2 promotes survival in type 1 CALR-mutated cells. This suggests that 
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targeting BCL2 by Venetoclax or Navitoclax may represent an additional therapeutic avenue for 

type 1 CALR+ patients. 

Taken together, this work is the first to demonstrate that type 1 and type 2 mutant CALR-

expressing cells display differential molecular dependencies, and that those differential 

dependencies can be targeted for therapeutic gain in type 1 versus type 2-driven MPNs. Moreover, 

this study answers an enduring question regarding the functional consequence of the loss of 

calcium binding sites on the type 1 mutant CALR protein and demonstrates how type 1 CALR 

mutant-expressing cells rewire the UPR and downstream calcium signaling and apoptotic 

pathways to drive MPNs. 

In addition, our preliminary data indicate that RTCB knockdown attenuates survival of 

both CALRde52 and CALRins5, with more significant effects on CALRins5 expressing cells. This 

came as surprise to us given the dependency of CALRdel52 expressing cells on IRE1α/XBP1 

activation. However, given RTCB also exerts functions independent of IRE1α/XBP1 activation as 

part of the TSEN tRNA splicing complex, there might be alternative functions that might 

contribute to CALRins5 dependency on RTCB. Yet, further validation of these findings in cell 

models, as well as in vivo and patient samples is required to provide more concrete evidence of 

RTCB relevance to CALR mutant MPNs 

Moreover, our establishment of an in vitro cell system to model myelofibrosis is promising 

in the context of studying CALR mutant myelofibrosis. This system will not only serve to identify 

specific molecular players contributing to MF fibrotic transformation, but most importantly, it will 

further facilitate the dissection of cell-specific crosstalk mechanisms. Thus far based on our 

preliminary data, TGF-β1 appears as a contributor candidate for CALRdel52 driven MF. This 

system will allow further interrogation the role for TGF-1 in this process, as well as that of the 
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IRE1α/XBP1 pathway. Finally, whether IRE1α/XBP1 and the UPR as a whole contribute to the 

transformation and progression of AML is also part of this larger open question and needs further 

study.  We currently know that IRE1α/XBP1 pathway activation is necessary for the survival of 

type 1 CALRdel52 ET, but whether this pathway is relevant to MF and AML transformation in 

the context of this mutation remains to be explored. Further, given the therapeutic gain observed 

from IRE1a/XBP1 and BCL2 inhibition via KIRA8 and Venetoclax, respectively, it is then critical 

to compare the efficacy of these therapies against MPN first-line therapy, Ruxolitinib, and 

hydroxyurea in type 1 CALRdel52 mutant MPN disease. Finally, the mutant cell crosstalk 

contributions to myelofibrosis onset remain to be explored, and further define whether these are 

dependent or independent of TGF-β1 and/or IRE1α/XBP1.  
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Figure 6.1. Summary. Type 1 CALRdel52 proteins exhibit loss of Ca2+ binding function. 

This leads to depleted ER Ca2+, which in turn activates the IRE1/XBP1 pathway. XBP1 

mediates up-regulation of BCL-2, which promotes cell survival, and IP3R, which facilitates 

continued ER Ca2+ efflux to sustain ER Ca2+ depletion and activation of IRE1/XBP1, 

ultimately driving MPN. Further, preliminary data suggest that RTCB ligase could be 

promoting type 2 CALRins5 cell survival, while TGF- β might represent a contributor to MF 

fibrotic transformation downstream of IRE1α/XBP1 through crosstalk with the bone marrow 

stroma. (Generated in BioRender) 
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