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ABSTRACT OF THE DISSERTATION

Calreticulin Mutations activate MPL Signaling and Calreticulin Expression can modulate
MPL Signaling
by

Stefan Brooks
Doctor in Philosophy
University of California, Irvine, 2020
Professor Angela Fleischman, Chair

Myeloproliferative Neoplasms are a collection of blood cancers in which there is a
dysregulation of hematopoiesis leading to an over proliferation of myeloid cells. These are
often caused by activating mutations in non-receptor tyrosine kinases. Recently, mutations

in the C terminus of calreticulin have been discovered in MPN patients.

Our lab has confirmed that in the presence of the TPO receptor MPL, these mutations
constitutively activate the JAK/STAT pathway. Our lab has also discovered that
overexpression of wild type calreticulin may suppress MPL signaling leading to impairment
of self-renewal in vivo, a reduction in colony formation from sorted LKS cells that
overexpress calreticulin and a physical interaction between MPL and calreticulin.
Furthermore, our lab has demonstrated that loss of calreticulin leads to an increase in
frequency of cell populations in the bone marrow that express MPL including LKS, LKS-
SLAM and MEPs, loss of calreticulin leads to an increase of colony formation for LKS cells
and discovered the absence of calreticulin in LKS cells leads to a competitive advantage, in
vivo, further suggesting that loss of calreticulin leads to enhanced MPL signaling. This

dissertation helps to demonstrate a role for calreticulin in hematopoiesis.
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Chapter 1: Introduction

1.1 Hematopoiesis

Hematopoiesis is the process by which all blood cells are created. Hematopoiesis
involves hematopoietic stem cells (HSCs) that are multipotent. These cells can differentiate
into any type of blood cell including HSC, progenitor or mature blood cell as needed (1). This
process of differentiation from an HSC to a mature blood cell has been described as a

hierarchical structure in which HSCs exist at the top of the structure.
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Figure 1.1: Hematopoietic Family Tree Showing how the Mature Cells in the Various
Lineages Are Generated by Self-Generating (Metcalf, Imnmunity 2007)

HSCs are low in frequency in the body, approximately 0.01% of total nucleated cells, but
all cells differentiate from them. As a cell moves down the hierarchy due to differentiation, the
cells increase in frequency in the body and are more committed to a single cell fate. HSCs

differentiate to more cell type specific progenitors such as a common lymphoid progenitor



(CLP), committing the cell to the lymphoid lineage, or a common myeloid progenitor (CMP),
committing the cell to the myeloid lineage. From these progenitors, the cells can further
differentiate to a more cell specific progenitor such as a granulocyte-macrophage progenitor
(GMP) or a megakaryocyte-erythrocyte progenitor (MEP). From these further differentiated
progenitors, the cells differentiate to the terminal or mature cell such as a B cell, T cell, platelet,
red blood cell or macrophage.

This hierarchy or process of differentiation from an HSC to a mature blood cell has been
worked out extensively in labs across the world. This is what is classically defined as the
hematopoietic tree; however, some recently published work has demonstrated that some of
these cells types may be able to skip differentiation stages such as HSCs being able to
differentiate straight to a MEP without expressing markers native to a CMP (2).

The fantastic work done by many labs in this field have allowed researchers to be able
to clearly identify and define HSC, progenitor and mature blood cells by a variety of proteins
expressed on the cell surface (3). This allows researchers to use powerful techniques such as
mass cytometry (CyTOF) and flow cytometry (FACS) to clearly define, analyze and even sort
pure populations of blood cells. Furthermore, after isolating through FACS sorting we can
perform limiting dilution transplants, competitive transplants, primary and secondary
transplants into lethally irradiated recipient mice for functional analysis of HSCs.

HSCs can self-renew; in that they undergo mitosis to create identical daughter cells. The
exact mechanism for whether this cell division is always symmetrical, meaning two identical
daughters form with either having the capacity to differentiate or can be asymmetrical,

meaning two daughter cells form but one is committed to differentiation from the start, has



been debated in the literature for quite some time (4). Regardless of how the exact mechanism
works out, the fact that is not debated is that self-renewal occurs. This process of self-renewal
preserves a pool of HSCs and allows the blood system to continue to exist throughout the life
span of the organism. Physicians have exploited this occurrence in HSCs for the betterment of
patients with bone marrow (BM) derived diseases such as leukemias, lymphomas, or sickle cell
anemia through allogenic bone marrow transplants where healthy bone marrow from a donor
is given to a bone marrow depleted patient. This allows the healthy bone marrow to home,
engraft and expand in the bone marrow niche, creating healthy blood cells in the patient
instead of diseased blood cells.

HSCs largely exist in a quiescent state (5). This allows HSCs to preserve their integrity as
HSCs that frequently divide due to self-renewal can be subjected to various insults which may
allow for mutations to occur in their genome. Furthermore, if HSCs divide too frequently, they
can become exhausted, losing their self-renewal potential (6). It has been demonstrated that
HSCs typically cycle ever 57 days (5). Subject to BM injury, stress of cytokines such as G-CSF,
HSCs can be encouraged to divide. This delicate balance between differentiation, self-renewal
and quiescence is highly regulated, involving a system of cytokines and chemokines that bind to
cell surface receptors. When these ligands, cytokines or chemokines bind to cell surface
receptors, it causes activation of the pathway including downstream effects of transcriptional
changes inside the nucleus of the cell, translational changes and post translational modification
changes. The specific transcriptional changes are beyond the scope of this dissertation but
include DNA methylation, long non-coding RNAs, transcription factor activation and repression

(7). Likewise, translational and post-translational changes occur during the differentiation



process and include upregulation or downregulation of key proteins as well as trafficking of key
receptors to the cell surface (8).

Hematopoiesis occurs mostly in the bone marrow (9). During early murine embryonic
development, there is a lack bone and bone marrow. Thus, hematopoiesis occurs in the yolk
sac around 9.5 dpc (10). As the mouse embryo matures, hematopoiesis moves to the fetal liver

around 14.5 dpc and finally moves to the bone marrow in the embryo around 18.5 dpc.
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Figure 1.2: Developmental Regulation of Hematopoiesis in the Mouse (Orkin et. al Cell

2008)



This same process occurs in humans albeit at a different time scale as the human
gestation period is much longer than the mouse gestation period. Within the bone marrow,
HSCs physically reside in microenvironments called bone marrow niches. These niches are
complex environments comprising of osteoblasts, stromal cells, chemokines, and endothelial
cells (11). All of these cells help create a suitable environment for HSCs and can help either
keep them in quiescence or provide the stimuli signals needed to proliferate and divide. Many
researchers debate as to what are the necessary components to make up the bone marrow
niche and research is being published every day adding additional elements to the bone
marrow niche.

Hematopoiesis can occur outside the bone marrow and bone marrow niches. In mature
adults, this is called extramedullary hematopoiesis. Most often this occurs during activated
immune responses or when the bone marrow become uninhabitable for HSCs and progenitors
due to bone marrow fibrosis. In extramedullary hematopoiesis, HSCs and progenitors will
migrate to the sites of secondary hematopoiesis including the spleen and the liver (12). This
can cause an enlargement of the spleen known as splenomegaly.

It is generally thought that as people age, they become more susceptible to various
bone marrow ailments. This is thought to be due to a decrease in bone marrow cell number.
Interestingly, it has been demonstrated that in humans and mice, HSC frequency in the bone
marrow increases with age (13). The caveat of this is that although HSCs increase in the bone
marrow, their competitive repopulation ability decreases, suggesting that although these cells
have defined HSC cell surface markers, they are losing their HSC function. Furthermore, it has

been published that in older age, in mice and humans, HSCs are actually skewed towards the



myeloid lineage and away from the lymphoid lineage during differentiation (13), which can lead
to increases in myeloid cells and decreases in lymphoid cells.
1.2 Cell Signaling Pathways in Hematopoiesis

There are numerous cell signaling pathways that are important in hematopoiesis
including Notch, Wnt, Hedgehog, JAK/STAT, TGF-B, MAPK, ERK and Smad (14). Most of these
will be outside the scope of consideration for this dissertation but it is evidence that the cell
signaling pathways important for hematopoiesis are complex and connected. Furthermore,
many of these pathways can be secondarily activated via secondary messengers. For the

purpose of this work, | will focus on the JAK/STAT pathway.
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Figure 1.3: A schematic representation of the Janus kinase (JAK)—signal transducer and
activator of transcription (STAT) pathway. (Shuai et al Nature 2003)

The JAK/STAT pathway activation occurs in four stages: cytokine receptor activation,
tyrosine kinase activation, STAT dimerization and activation, and pathway regulation.
There are two classes of cytokine receptors that can activate the JAK/STAT pathway: class | and
class Il. These classes are divided by amino acid sequence similarity. Class | receptors contain
cytokine receptors such as interleukin 1 (IL-1), interleukin 3 (IL-3), interleukin 6 (IL-6),
erythropoietin (EPO), granulocyte-macrophage colony stimulating factor (GM-CSF), granulocyte

colony stimulating factor (G-CSF), thrombopoietin (TPO) and growth hormone receptor (GHR).



Class Il receptors contain mostly interferon receptors. In the cytokine receptor activation,
ligands such as TPO or IL-3 bind to their respective receptors in a monomeric form (15). Once
ligand and receptor are bound, the ligand receptor complex binds to another monomeric
receptor to form a dimer. This dimerization activates the tyrosine kinases, stage two of
JAK/STAT pathway activation.

There are 4 tyrosine kinases in the JAK/STAT pathway: such as JAK1, JAK2, JAK3 and
Tyk2. The four kinases in the Janus kinase family are non-receptor tyrosine kinases meaning
they must be activated by either class | or class Il receptors. These kinases reside in the
cytoplasm, close to the cytoplasmic regions of the cytokine receptors. Upon activation, they
cross phosphorylate their respective kinases which recruits signal transducers and activators of
transcription (STATs), a family of seven transcription factors that exist in the cytoplasm.

Stage three of JAK/STAT activation is the phosphorylation of STATs proteins. This causes
their dimerization, activation and translocation to the nucleus to change transcription levels of
key genes. Which genes are upregulated depends on which cytokine activated that pathway
but canonical STAT5 genes include Tie-2, p57, CISH, Pim2, SOCS2 and CD 41 (16).

Within the JAK/STAT pathway there are a few regulatory steps to ensure this pathway is
tightly regulated which is step four in JAK/STAT pathway activation. Within the JAK kinase,
there exists a domain, JH2, that acts as a negative regulator of the JH1 kinase domain (17). The
exact mechanism for how JH2 can regulate JH1 activity has not yet been elucidated but it is
known that JH2 can prevent the JH1 domain from phosphorylating substrates. Another step of
regulation in the JAK/STAT pathway is the presences of suppressor of cytokine signaling

proteins known as SOCS. There are eight known SOCS proteins and their transcription is actually



upregulated by activation of the JAK/STAT pathway (18). SOCS3 specifically binds to JAK2
preventing further phosphorylation of target proteins. Other SOCS proteins can compete for
phosphorylation sites on the STATs, shutting down the pathway. Furthermore, adaptor
proteins such as Lnk, APS and tyrosine phosphatases such as CD 45 help negatively regulate the
JAK/STAT pathway (19). All this demonstrates that the JAK/STAT pathway is extensively
regulated.

1.3 JAK/STAT’s role in self-renewal.

The JAK/STAT pathway is important for the self-renewal of HSCs. HSCs with an inactive
or suppressed JAK/STAT pathway demonstrate reduced self-renewal potential (20). Knocking
out JAK2 in mice is embryonic lethal due to impaired hematopoiesis (21). Conditional knock out
of JAK2 at various stages of life, in a mouse model, is either embryonic lethal or can lead to
severe impaired erythropoiesis, thrombopoiesis or even death (21). There are three other
kinases that can be involved in the JAK/STAT pathway: JAK1, JAK3 and Tyk2. Conditional
knockouts of JAK1 in a mouse model died shortly after birth and demonstrate reduced
phosphorylation of STAT1, 3 and 6 (22). Knock out of JAK3 in a mouse model is not embryonic
lethal but does lead to several T cell phenotypes due to their inability to respond to certain
cytokines (23). Finally, knock out of Tyk2 in a mouse model is not embryonic lethal and Tyk2”/
mice show a reduced cytokine response unlike knockout of JAK1/2/3 (24).

The STAT transcription factors are downstream of the non-receptor tyrosine kinases
involved in the JAK/STAT pathway. Deletion of Stat 3 is embryonic lethal between 6.5-7.5 dpc,
demonstrating that STAT3 is necessary for early developmental hematopoiesis (25). STAT3

conditional knock out mice are viable and fertile but have elevated WBCs, reduced hematocrit



and hemoglobin and increased levels of circulating mature myeloid cells (26). This
demonstrates STAT3’s importance in hematopoiesis during the lifespan of the organism. STAT5
is not embryonic lethal but STATS deletion in HSCs leads to persistent cycling and reduced HSC
number (27). In bone marrow and fetal liver cells lacking STATS5, there is a reduction in
repopulation activity (28). This demonstrates STAT5S’s role in hematopoiesis and especially the
self-renewal pathway.

Myeloproliferative leukemia protein (MPL), the TPO receptor, can activate JAK2 in this self-
renewal pathway. As the TPO receptor, it is mostly responsible for thrombopoiesis but has a
role in activating the self-renewal pathway due to its expression on HSCs. MPL knock out mice
are viable but demonstrate significant reduction in platelet count (29). MPL knockout bone
marrow cells also demonstrate to have a significant reduction in self renewal capacity and
demonstrate an inability to secondarily transplant into lethally irradiated recipient mice (30).
All this data taken together demonstrate critical roles for MPL, JAK1/2/3, STAT3 and STATS in
the self-renewal pathway.

1.4 Role of Mutations in JAK/STAT pathway in MPN Pathogenesis

Like any signaling pathway used extensively in stem cells, the JAK/STAT pathway must be
extensively regulated to ensure overactivation does not occur. However, somatic and germline
mutations can occur, leading to constitutive activation or repression of this pathway. Patients
that have mutations in this pathway can be diagnosed with a variety of myeloproliferative
neoplasms (MPN) or myelodysplastic syndromes (MDS), an underproduction of bone marrow
cells. Mutations in cell signaling pathways that cause MDS, an underproduction of bone

marrow cells, are outside the scope of this dissertation. Myeloproliferative neoplasms can be
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characterized by Philadelphia chromosome positive or negative. Philadelphia chromosome
positive MPNs occur when a portion of chromosome 9 and chromosome 22 fuse together
creating a fusion protein, BCR-ABL, a constitutive active tyrosine kinase that is found in chronic
myeloid leukemia (CML) and a small subset of acute lymphoblastic leukemia (ALL) (31).
Philadelphia chromosome negative MPNs usually occur when somatic point or frameshift
mutations occur in signaling pathways leading to excessive production of myeloid cells (32).
Patients usually present with one of six subtypes: polycythemia vera (PV), essential
thrombocytosis (ET), primary myelofibrosis (PMF), chronic eosinophilic leukemia (CEL), chronic
neutrophil leukemia (CNL), or mastocytosis. PV patients demonstrate excessive proliferation of
red blood cells (RBCs) in their peripheral blood, demonstrated by high RBC and hematocrit
counts in their CBCs (33). Patients may also experience splenomegaly. ET patients demonstrate
excessive proliferation of platelets in their peripheral blood and their thrombotic risk can be
significantly elevated compared to normal patients (34). In PMF, excessive scarring is produced
in the bone marrow. This causes the bone marrow to become uninhabitable for HSCs to
survive. This leads to a drastic drop in blood counts and hematopoiesis moving from the bone
marrow to the spleen (35). CEL, a rare MPN, occurs when there is an excessive proliferation of
eosinophil precursors. This causes eosinophil infiltration into the bone marrow and other
tissues which can cause long term damage (36). CNL, also a rare MPN, occurs when there is an
excessive proliferation of white blood cells, of which at least 80% are neutrophils (37). Finally,
mastocytosis, another rare MPN, occurs when there is a proliferation of mast cells, an
important cell type in the immune system, in the peripheral blood. These can infiltrate organs

in great number, leading to organ failure (38).
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Figure 1.4: Mutations in the JAK/STAT pathway in MPN (O’Sullivan et al Molecular and Cellular
Endocrinology 2017)
Due to excellent work by many different labs in the hematology/oncology field, key genetic
mutations have been identified linked to most of the Philadelphia chromosome negative MPNs.
In 2005, it was discovered that for patients diagnosed with PV, ET, and PMF, a majority of them
have a point mutation in JAK2, JAK2V617F (39). This mutation occurs in the JH2 domain,
changes a valine to a phenylalanine which leads to constitutive activation of the JAK/STAT
pathway through phosphorylation of downstream STAT proteins leading to MPN. Somatic
mutations in c-MPL have also been demonstrated to cause MPN, in patients testing negative for
JAK2V617F. These mutations, MPLW515L/K, also lead to constitutive activation of the

JAK/STAT pathway due to constitutive activation of the MPL receptor, upstream of JAK2. These
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mutations are not as prevalent clinically as JAK2V617F and mostly present in patients diagnosed
with ET or PMF (40). In 2013, somatic mutations in exon 9 of calreticulin were identified in ET
and PMF patients that tested negative for mutations in JAK2 and MPL (41). In the last couple of
years, the mechanism has been published for how these mutations in calreticulin lead to MPN.
It is now understood that these mutations in calreticulin are able to act as a scaffolding protein
for MPL. This interaction constitutively activates the JAK/STAT pathway, upstream of JAK2 (42).
| will extensively detail the mechanism in later chapters. Mutations that have been linked to
CEL and CNL have also been implicated in constitutively activating the JAK/STAT pathway. For
CEL, mutations in platelet-derived growth factor receptor alpha (PDGFRA) have been shown to
activate the JAK/STAT pathway (43). Mutations in granulocyte-colony stimulating factor 3
receptor (G-CSF3R) have been linked to CNL and these mutations also lead to activation of the
JAK/STAT pathway (44).

Since myeloproliferative neoplasms is a collection of diseases, there exists many more
mutations in patients diagnosed with MPNs. There can be mutations in adaptor proteins
responsible for shutting down JAK/STAT signaling such as Lnk that lead to MPNs. There can be
mutations that occur downstream of JAK2 in MPN at the epigenetic level such as mutations in
TET2, IDH1/2, or DMNT3. These mutations allow DNA methylation being altered, leading to
increases of transcription.

1.5 Therapeutics for common mutations in MPN

With all these mutations leading to constitutive activation of JAK/STAT cell signaling
pathway, there are a few therapeutics that are effectively used by clinicians for treated these

diseases. Most of these therapeutics are kinase inhibitors. For Philadelphia chromosome
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positive CML, imatinib (Gleevec) is the gold standard and one of the successful stories of
targeted therapy. Imatinib is a tyrosine kinase inhibitor that specifically inhibits BCR-ABL fusion
proteins while leaving all other tyrosine kinases untouched. Treatment with imatinib leads to
complete cytogenic response (lack of Philadelphia chromosome detection in bone marrow) in a
large percentage of patients with means of survival extended out to about 20 years (45).

For those mutations that activate the JAK/STAT pathway, specifically in MPN, ruxolitinib,
a JAK1/2 inhibitor, is often prescribed. Since ruxolitinib is a non-selective JAK1/2 inhibitor and
selective inhibitors for point mutations in kinases are much harder to engineer, the clinical
results when using ruxolitinib are not as effective as imatinib for CML and the results can vary.
The benefit of ruxolitnib is that is can be used in MPN patients if they have JAK2 mutations,
MPL mutations or calreticulin mutations (46). Interferon, a naturally occurring signaling protein,
has been shown to reduce JAK2V617F disease burden but has potent side effects. Pegylated
interferon, a longer lasting and more widely tolerated version of interferon, is currently in
clinical trials for FDA approval (47). However, the only demonstrated cure for Philadelphia
negative MPNs is an allogenic bone marrow transplant. These can be risky and unnecessary for
PV and ET patients but can be necessary for PMF patients suffering from anemia (48). There
can be significant complications for bone marrow transplant recipients including finding a
suitable match or suffering from graft versus host disease.

In this chapter, | have provided significant background on hematopoiesis, the different
cell signaling pathways important in hematopoiesis and self-renewal and discussed mutations
that cause MPN and therapies used to treat MPN patients. In chapter two, | will go into detail

about calreticulin’s role in the cell. In chapter three, I'll discuss work published from our lab
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describing a mutation in JAK2 that leads to an intermediate MPN phenotype. In chapter four, |
will discuss how our lab discovered how mutations in calreticulin lead to MPN and further work
describing calreticulin’s role in hematopoiesis. Chapter five will summarize all the work I've
done in my time in the Fleischman lab, place that work in context of the current field and

envision where this work could progress in the future.
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Chapter 2: The Role of Calreticulin in a cell
2.1 General Introduction of Calreticulin

This chapter is a further introduction of calreticulin, what is known and published in the
field and what is not known, especially of calreticulin’s role in the field of hematopoiesis.
Calreticulin is a ubiquitously expressed ER residing chaperone protein and is conserved from
plants to humans (49). It is responsible for sequestering Ca®* ions in the ER lumen has multiple
other roles throughout the cell.

As its main function of a chaperone protein, calreticulin must prevent peptides from
aggregating together during translation to ensure correct folding occurs. It has been
demonstrated that it is able to associate with newly formed glycoproteins, including cell surface
receptors, suppressing their aggregation and ensuring correct folding occurs with its association
with ERp57 (50). Calreticulin itself can be glycosylated and improper glycosylation or lack of
glycosylation of calreticulin when expressed on the cell surface can lead to drastic immune
responses (51)

One of the ways to determine calreticulin’s importance in the cell and in the organism
as a whole is through global gene knockouts. Global calreticulin knock outs are embryonic
lethal at d.p.c. 14.5 in an in vivo mouse model due to impaired heart development (52). This
impaired heart development is due to an impairment of calcium induced NFAT3 transcription
factor nuclear localization. This demonstrates not only the importance of calcium signaling in

embryo development but also the importance of calreticulin in calcium signaling.
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Loss of calreticulin has been demonstrated to lead to a disruption of lipid homeostasis. This is
thought to be due not to calreticulin’s direct role in lipid homeostasis but due the dysregulation
of calcium signaling which is important for lipid homeostasis (53).

2.2 Calreticulin’s role in cancer

Calreticulin has been demonstrated to be a critical cell survival factor in BRAFV600¢
melanoma cell lines as knock down of calreticulin with shRNA suppresses growth and colony
formation. This has been demonstrated in other cancer cell lines such as breast (MDA-MB361),
colon (HCT116), ovarian (SKOU1), and neuronal (H80) cancer cell lines and has been linked to
an increase in activated p53 following suppression of calreticulin (54). Calreticulin expression
inside the cell or presentation at the cell surface has been linked to other types of cancers. In
chronic lymphoid leukemia (CLL), calreticulin is a novel B cell receptor antigen and time of
treatment free survival decreases as soluble calreticulin expression in the plasma increases (55,
56). In breast tumor tissue, calreticulin expression was found to be upregulated, especially in
malignant tissues (57). In oral squamous cell carcinoma, high calreticulin expression correlated
to reduced survival of patients (58). Conversely in endometrial cancer, low expression of
calreticulin was associated with a more aggressive cancer and poor prognosis in patients (59).
For pancreatic cancer, calreticulin promoted the development of cancer through the ERK/MAPK
pathway and further was responsible for the epithelial to mesenchymal transition of these cells
(60). These data taken together demonstrate that calreticulin’s role in cancers in the body is

widely varied.
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2.3 Calreticulin and Cell Stress

One of calreticulin’s main functions in the cell is highlighted when cell stress occurs. As
a chaperone protein, it must ensure proteins are folded correct during cell stress, more
specifically heat shock or calcium depletion. In cells where calreticulin is knocked out, the
effects of ER stress are made worse. When calreticulin is present, cells have proper ER stress
response, demonstrating that calreticulin is necessary and sufficient to relieve ER stress (61).
Furthermore, when cells are subjected to ER stress via thapsigargin, a non-competitive ER
calcium ATPase or tunicamycin, a drug leading to the unfolded protein response and apoptosis,
calreticulin expressed is increase significantly (62). The mechanism for calreticulin dealing with
ER stress response has been demonstrated to be in an autophagy related manner (63).
2.4 The domains of calreticulin and how they correspond to its function

Calreticulin is a 46 kDa protein that can structurally and functionally be separated into
three domains (64). There is an N terminal domain, a P terminal domain and a C terminal
domain. As of now, the full crystal structure of calreticulin with all 3 domains expressed at the
same time has not yet been solved, due to the disordered C terminus bit the structure of N
terminal and P terminal together and separately have been solved via NMR and through

crystallization (65).
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Figure 2.1. The protein structure and putative functions of calreticulin domains. (Lu et al
Biomedical Research International 2015)

The N terminal region of calreticulin is 180 amino acids long. This region of the protein
is highly conserved (66). The N terminal region shares identical sequence similarity to
vasostatin, a peptide that is known to suppress angiogenesis (67). Furthermore, it can suppress
growth of Burkitt lymphoma, colon carcinoma and endothelial cells (67). This N terminal region
has also been identified as having the ability to catalyze the transfer of acetyl groups from
polyphenolic acetates to certain proteins (68). In keeping with the variety of functions that
calreticulin plays in the cell, the antiadhesive activity of thrombospondin, a secreted
glycoprotein that mediates cell to cell contact, is mediated by the N terminal domain of
calreticulin when it is at the cell surface (69). Lastly, the N terminal region of calreticulin has
been found to associate with human CD69 at the cell surface (70).

The P domain of calreticulin is called the P domain due to its proline rich region. ltis
100 amino acids long and has the function of being lectin like, although the sequence for the P
domain is varied from usual lectin domains (71). The structure of the P domain has been solved
via both crystal structure and NMR (72). This has demonstrated that the P domain has three

antiparallel beta sheets and one hairpin loop (73). These beta sheets repeat in a sequence of
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111222 which is quite similar to calnexin, a similarly structured protein with a similar function,
that has a beta sheet repeat sequence of 11112222 (73).

With its role as a chaperone protein,it has been published that the P domain is where other co-
chaperones can dock to help with protein folding such as ERp57 and ERp29 (74). It is thought
that the P domain is like an adaptor and can bind live cells in a low affinity P domain dependent
way.

The P domain is essential for the correct assembly and processing of MHC class 1
complexes on the cell surface (75). These complexes are essential for proper cytotoxic T cell
response. The P domain of calreticulin is thought to be important for antigen presentation by
MHC class | complexes at the cell surface as in a calreticulin deficient cell line expression of the
P domain further suppresses MHC class 1 complex expression at the cell surface (75).

The C terminal domain of calreticulin is 110 amino acids long (76). It ends in an amino
acid sequence of lysine, aspartic acid, glutamic acid and leucine. This sequence is known as the
KDEL sequence and expressed at the ¢ terminus of proteins for their retro translocation to the
ER. Due to this sequence, it is thought that the C terminus is responsible for the intracellular
localization of calreticulin (77).

The c terminus of calreticulin is very acidic, in terms of amino acids, which allows it to
be very disordered and flexible (78). This prevents the structure of the C terminus from being
crystalized and solved. This region binds Ca?* ions at high capacity but low affinity. It has been
published that the binding of Ca?* ions stabilized the structure of calreticulin and stabilizes its
thermostability during heat shock stress (79). The deletion of the C terminus actually enhances

the binding of purified calreticulin to polypeptide substrates and increases its chaperone
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activity, suggesting that in some confirmations, the C terminus can actually interfere with the
chaperone function of the N and P domains (79). The c terminal acidic region of calreticulin
mediates phosphatidylserine binding at the cell surface, leading to apoptotic cell phagocytosis
(80).

There has been a lot of interest in the last couple of years in the C terminal domain of
calreticulin since it was discovered that frameshift mutations occurring in exon 9 of calreticulin
lead to MPN in patients negative for JAK2 and MPL mutations. A knock-in mouse model of
these calreticulin mutations demonstrate as increase in HSCs number and frequency in the
bone marrow but do not demonstrate a competitive advance in a competitive transplant assay
(81). In'iPSC cells derived from a patient with the five base pair insertion frameshift mutation,
there was a marked increase in megakaryopoiesis compared to wildtype controls with elevated
expression of the transcription factors GATA1 and GATA2 (82). This suggests an early
commitment to the megakaryocyte lineage in progenitor cells with calreticulin mutations in the
C terminus.

It has been demonstrated that these frameshift mutations lead to a novel C terminus
that abolishes the KDEL sequence, leading to it being secreted from the ER and the cell through
Golgi mediated exocytosis (83). This extracellular calreticulin can inhibit phagocytosis of dying
cancer cells by dendritic cells (83). Furthermore, it is thought that this novel C terminus leads to
impairment of calcium ion binding (84). In light of this, it is not surprising that cells harboring
mutations in the c terminus of calreticulin do not undergo phagocytosis, even with calreticulin
expressed at the cell surface, since these mutations lead to a novel C terminus and are thought

to not be able to mediate binding with phosphatidylserine and lead to phagocytosis.
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Pronier et al demonstrated quite sophisticatedly that mutations in calreticulin lead to an
upregulation of MPL transcripts, leading to JAK/STAT activation and leukemic transformation
(85). They also demonstrated that a peptide with the exact same sequence as the C terminus
competitively inhibits calreticulin mutants from binding to interacting proteins, leading to a
decrease in MPL transcripts. In human CD34* cells taken from an MPN patent with a
calreticulin mutation, they demonstrated that treatment of these cells with the C terminal
peptide reduces pSTATS and MPL transcripts. This suggests that calreticulin, in its wildtype
form, could be used to suppress MPL signaling. They are currently evaluating this peptide as a

novel therapeutic for MPN patients with calreticulin mutations.
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Chapter 3: JAK2V617I results in cytokine hypersensitivity
without causing an overt myeloproliferative disorder in a

mouse transduction- transplantation model
3.1 Introduction

A single gain-of-function somatic point mutation in the Janus kinase 2 (JAK2) gene is
present in the majority of patients with Philadelphia-negative myeloproliferative neoplasm
(MPN) (86-90). JAK2 is a cytoplasmic tyrosine kinase which is critical in intracellular signaling
by cytokine receptors such as erythropoietin (EPO), thrombopoietin (TPO), interleukin-3 (IL-3),
granulocyte colony stimulating factor (G-CSF) and granulocyte macrophage colony stimulating
factor (GM-CSF). The JAK2V617F mutation results in a constitutively active JAK2, with continual
activation of downstream intracellular signaling cascades (91-93). Although there is a familial
predisposition to acquire the MPN (94, 95) the JAK2V617F mutation is somatically acquired in a
hematopoietic stem cell. However, a germline JAK2V617] mutation has recently been identified
in a family with hereditary thrombocytosis (96, 97). The ability of JAK2 V6171 to confer cytokine
independence had previously been shown in Ba/F3 cells randomly mutated at position 617 of
JAK2 (98). Like acquired MPN, family members with germline JAK2 have thrombocytosis and
megakaryocytic hyperplasia in the marrow with increased risk of thrombosis. But unlike
acquired MPN, individuals with the JAK2V617I germline mutation do not develop a fibrotic
bone marrow, splenomegaly, or transform to acute leukemia. Why germline JAK2V617I
recapitulates some aspects but not others of the MPN phenotype in humans is unclear. To
delineate the differences between JAK2V617F and JAK2V617| we compared the phenotype of

mice with hematopoietic cells expressing JAK2V617F or JAK2V6171.
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3.2 JAK2V617I Expression Induces a mild MPN Phenotype

Lethally irradiated C57B/6 mice were transplanted with equal numbers of bone marrow
cells expressing JAK2 V617F, JAK2 V6171, or empty MSCV-IRES-GFP (MIG) vector (101). As
expected, JAK2V617F mice developed erythrocytosis and leukocytosis. However, JAK2V617I
mice had peripheral blood counts similar to empty vector mice (Fig 1A—C). To rule out the
possibility that the phenotypic differences we observed in JAK2V617F versus JAK2V6171 mice
was not simply due to lower expression of JAK2 in JAK2V617I mice, we confirmed equivalent
expression of JAK2 in JAK2V617F and JAK2V6171 mice by quantitative RT-PCR (data not shown)
and Western Blot (Supplemental Figure 1). The lack of thrombocytosis in the JAK2V617] mouse
model is not unexpected, as thrombocytosis is not commonly observed in JAK2V617F MPN
mouse models. Therefore, we performed a more thorough assessment of the effect of
JAK2V6171 on hematopoietic progenitors and myeloid cells including megakaryocytes at time of

sacrifice.
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Figure 3.1. JAK2V617I causes a mild MPN phenotype

A—C. Peripheral blood was drawn weekly from MIG empty vector, JAK2
V6171, and JAK2V617F mice. WBC (A), HCT (B) and platelets (C) were measured using a VetABC hematology
analyzer (scil). D. Spleen weight and a representative photo of MIG empty vector, JAK2 V6171, and JAK2 V617
mice. E. Bone marrow and spleen from each mouse was evaluated by a blinded pathologist. Representative H&E
sections of bone marrow, spleen and reticulin stain of bone marrow are shown (20X magnification shown, Leica
DC300 camera running IM50 Image Manager software).

Mice were euthanized at 120 days post-transplant to fully assess the MPN phenotype.

Spleen weight of JAK2V617] mice was not statistically different than empty vector mice (Figure

1D), however we found a positive correlation between spleen weight and percentage
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of GFP-positive cells in the spleen (Supplemental Figure 2). As expected, spleen weight was
increased in JAK2V617F mice (Figure 1D). On histologic inspection JAK2V6171 and
JAK2V617F mice had hypercellular marrows with increased numbers of megakaryocytes.

Mild fibrosis was seen in JAK2V617] mice, severe reticulin fibrosis was seen in
JAK2V617F mice. The splenic architecture was preserved in JAK2V617| mice, whereas in
JAK2V617F mice the splenic architecture was disrupted by invasion of myeloid cells including
megakaryocytes (Figure 1E). These data demonstrate that ectopic expression of JAK2V617I
in hematopoietic cells induces histologic evidence of MPN but with a milder phenotype as
V617F compared to JAK2 as JAK2V617I expands myeloid progenitors and megakaryocytes and
mobilizes myeloid progenitors to the spleen.

3.3 JAK2V6171 expands myeloid progenitors and megakaryocytes and mobilizes myeloid
progenitors to the spleen

To identify whether JAK2V617I affects the frequency of hematopoietic stem and
progenitor V617F cells or expands mature myeloid lineage cells we compared these populations

in JAK2V6171, JAK2V6171, and MIG empty vector mice (Figure 2A-C).
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The bone marrow of JAK2 mice had expanded GMP and MEP populations as compared
to MIG empty vector and JAK2V617F mice (Figure 2A). Mature granulocyte (Gr-1+CD11b+) and
erythroid (Ter119+) populations were expanded in JAK2V617F but not JAK2V6171 mice. To
determine whether JAK2V6171 had mobilized myeloid progenitors to the spleen we compared
myeloid colony formation ability from harvested spleen cells of MIG, JAK2V6171 and
JAK2V617F. We found increased myeloid progenitor activity in the spleens from JAK2V6171 and
JAK2V617F mice as compared to MIG empty vector (Figure 2D). Both JAK2V617! and
JAK2V617F mice had an increased fraction of megakaryocytes (CD41+) in the spleen as

compared to empty vector mice (Figure 2B).
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Figure 3.2. JAK2V617T expands myeloid progenitors and megakaryocytes

A. Frequency of hematopoietic stem (LKS), common myeloid progenitors (CMP), granulocyte monocyte
progenitors (GMP) and megakaryocyte erythroid progenitors (MEP) in the bone marrow of each mouse measured by
flow cytometry. B, C. Frequency of granulocytes (Gr-1* CD11b*), monocytes (Gr-1~ CD11b*), megakaryocytic
lineage (CD41%) and erythroid lineage cells (Ter119%) in spleen (B) and bone marrow (C) measured by flow
cytometry. D. Myeloid colony formation (CFU-GM and CFU-E combined) in methycellulose (M3231, StemCell
Technologies) supplemented with mSCF, mIL-3 (peprotech) and hEpo (Procrit, Amgen). E. In vitro differentiation
of megakaryocytes (CD41* CD42d*) from LKS cells on OP9 stromal cell layers (+mTPO, mIL-11, mSCF). F.
Relative frequency of myeloid colony types from JAK2

hematopoietic progenitors. Progenitors were plated in methylcellulose (M3231, StemCell Technologies)
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supplemented with mSCF, mIL-3, hEpo, and mTPO. After 7 days colonies were scored morphologically and
enumerated. Photos of a representative megakaryocyte colony are shown to the right. All bar graphs represent mean
(+/-SEM), *denotes p<0.05.

To evaluate megakaryopoiesis in more detail we sorted lineage, c-kit, Sca-1 (LKS) cells
ectopically expressing JAK2V6171, JAK2V617F, or MIG empty vector onto OP9 stromal cell layers
(100 cells/well) in the presence of mouse thrombopoietin (mTPO) (10ng/ml), Stem Cell Factor
(mSCF) (50ng/ml), and Interleukin-11 (mIL-11) (10ng/ml) to induce development of
megakaryocytes. After 5 days in culture cells were harvested and analyzed by flow cytometry
to identify megakaryocytes. Wells seeded with JAK2V6171 and JAK2V617F cells had an
increased percentage of megakaryocytes (CD41+ CD42d+) as compared to wells V6171 seeded
with empty vector cells (Figure 2E). We also compared the ability of JAK2V617F, JAK2V617I,
and empty vector hematopoietic progenitors to form megakaryocyte colonies in
methylcellulose and found a skewing toward megakaryocyte colonies in both JAK2V617I and
JAK2V617F as compared empty vector (Figure 2F). Together, these data demonstrate that
expression of JAK2V617I drives the expansion of myeloid progenitors and megakaryocytes
despite the lack of overt leukocytosis or thrombocytosis in peripheral blood.

3.4 JAK2V617I results in cytokine hypersensitivity without constitutive activation

Humans with germline JAK2V617| mutations do not display constitutive activation of the

kinase but they do demonstrate cytokine hyper-responsiveness as evidenced by increased
phosphorylation of STATs at low concentrations of ligand. We compared phosphorylated STAT5
in peripheral blood cells taken from JAK2V6171, JAK2V617F and MIG empty vector mice
following stimulation with increasing concentrations of GM-CSF. At all concentrations of GM-

CSF tested JAK2V6171 and JAK2V617F mice had exaggerated phosphorylation of STATS5 as
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compared to MIG empty vector mice (Figure 3A). We also measured phospho-STAT3 and STAT5
in unstimulated bone marrow and spleen from each mouse at time of sacrifice, there was no
difference between JAK2V6171 and MIG empty vector mice. JAK2V617F mice did demonstrate
phosphorylation of STAT3 and STATS5 even in the absence of cytokine stimulation, confirming
the ability of JAK2V617F but not JAK2V617I to constitutively activate downstream signaling

pathways (Figure 3B).

29



MIG JAK2V617F JAK2V617!
)
E o 1 1
c) e—
f 0.01 1.59 1.88 1.83
B 020 | 5.26 | 6.91 |, 7.27
> \ 5.57 I 867 J\ 7.79
pSTAT5
B
MIG
JAK2Ve17F \,\ 5 i
JAK2V617I
L8 o o BLRLLLL BLELLL B B
pSTATS ] pSTAT3
190 4800

Figure 3.3. JAK2VOI7I pegults in cytokine hypersensitivity without constitutive activation

A. Peripheral blood from each group of mice was pooled and stimulated with increasing concentrations of mGM-
CSF and then analyzed for phospho-STATS (pY694) by flow cytometry. Fold increase in phospho-STATS5 over
unstimulated is shown as histogram overlay (gated on GFP* cells). B. Unstimulated bone marrow from MIG,
JAK2V6I7F and JAK2VO! mice were analyzed for levels of phospho-STATS (pY694) and phospho-STAT3
(pY705) using flow cytometry, histogram overlay represents (MFI) of a representative mouse from each group
(gated on GFP™ cells).

3.5 Discussion
The JAK2V6171 mouse transduction-transplantation model has phenotypic features of

acquired MPN such as expansion of megakaryocytes and mobilization of hematopoietic
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progenitors to the spleen but the phenotype is not as robust as JAK2V617F. It is possible that all
cells in the hematopoietic system must express JAK2V617I, as is the case for a germline
mutation, in order for JAK2V6171 to make a clinically relevant impact in humans. Although the
JAK2V617F mutation is somatically acquired in MPN familial clustering is well described.
Genome-wide analyses have revealed that JAK2 -positive MPN is strongly associated with a
specific constitutional JAK2 haplotype (designated 46/1), suggesting that germline variation is
an important contributor to MPN phenotype and predisposition (102-104).

3.6 Methods

Bone Marrow Transplantation

C57B/6 mice were purchased from Jackson Labs. Retroviral infection and
transplantation were performed as previously described (). All mouse work was performed with
approval from the Oregon Health & Science University and UC Irvine Institutional Animal Care
and Use Committee.

Flow Cytometry

The following antibodies were used for identification of mature cell populations: CD41
PE (MWReg30, BD Biosciences), CD42d (1C2, Biolegend) CD11b APC (M1/70, BD Biosciences),
Gr-1 PerCPCy5.5 (RB6-8C5, ebioscience), TER119 APC (TER119, BioLegend). For hematopoietic
progenitor populations the following antibodies were used: APC lineage (Lin) markers (CD3,
KT31.1; CD4, GK1.5; CD8, 53-6.7; B220, 6B2; Mac-1, M1/70; Gr-1, 8C5; and TER119, all from BD
Biosciences), c-kit APC-Cy7 (2B8, BD Biosciences), CD34 PE (RAM34, BD Biosciences), CD16/32

PE-Cy7 (2.4G2, BD Biosciences), and Sca-1 Pacific Blue (D7, BioLegend). LKS, CMP, GMP, and
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MEP are defined as is (100). Cells were analyzed using an Aria Il flow cytometer (BD
Biosciences). Data was analyzed using FlowJo software (Treestar).

Phosphoflow

Cells were stimulated with 0.1, 0.2, or 1 ng/ml of GM-CSF for 15 min at 37°C. Following
stimulation, cells were fixed with paraformaldehyde and permeabilized in methanol. Samples
were stained with PE- pSTAT3 (pY694) and A647- pSTATS (pY701) (BD Biosciences) along with
cell surface markers. Cytobank.org was used to analyze data.

Methylcellulose Colony Formation Assays

For Figure 2D 1x106 spleen cells were plated in 1.1ml methylcellulose semi-solid media
(M3231, StemCell Technologies) supplemented with 100ng/ml mSCF, 10ng/ml mIL-3
(peprotech) and 3U/ml hEpo (Procrit, Amgen) in triplicate. Colonies were enumerated after 12
days in culture. For Figure 2F GFP progenitors (lin, c-kit, Sca-1 ) were sorted by flow cytometry
and plated at a concentration of 1000 cells per 1.1 ml of methylcellulose in triplicate (M3231,
StemCell Technologies) supplemented with 100ng/ml mSCF, 10ng/ml miL-3, 50ng/ml mTPO
(peprotech), and 3U/ml hEPO. Plates were examined at 7 days of culture and scored by visual
morphology. The morphology of cells in the individual colonies was confirmed by cytospin with

Giemsa staining.
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Chapter 4: Calreticulin Mutations Activate MPL Signaling

4.1 Introduction
The unifying theme of myeloproliferative neoplasm (MPN) driver mutations, including
JAK2V617F (39, 86, 87, 89), CALR (41, 105), MPL (106), and SH2B3 (107) is activation of
thrombopoietin receptor signaling, highlighting the critical importance of this pathway in the
pathogenesis of MPN. JAK2V617F associates with a number of homo-dimeric type | cytokine
receptors, including erythropoietin receptor (EPOR), thrombopoietin receptor (MPL), and
granulocyte-colony stimulating factor receptor (G-CSFR) leading to constitutive activation (108),
whereas mutant CALR has been found to only associate with MPL and leads to its constitutive
activation(109, 110). This selectivity for activation of MPL explains why CALR mutations are
seen in essential thrombocythemia (ET) and myelofibrosis (MF) but not polycythemia vera (PV).
Ba/F3 cells are a useful tool to dissect cytokine receptor signaling pathways and to test
the oncogenicity of mutations. Parental Ba/F3 require IL-3 to provide a survival signal utilizing
endogenous IL-3R (111). Ectopic expression of activated tyrosine kinases or constitutively
active cytokine receptors provide Ba/F3 cells with a survival signal which obviates the need for
supplemental IL-3 (108, 112). We find that in vivo passage of Ba/F3 cells expressing either CALR
type 1 (52 base pair deletion, CALRPEY) or type 2 (5 base pair insertion, CALR™®) mutations
selects for the outgrowth of cells which have upregulated endogenous MPL allowing these cells
to expand in mice. These findings solidify the exclusivity of MPL as the requisite cytokine
receptor binding partner for CALR mediated transformation and highlight the central role for

activation of thrombopoietin receptor (MPL) signaling in the pathogenesis of MPN.
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4.2 Results

We created Ba/F3 cells stably expressing hCALRPEY, hCALR™S, hCALRWT or empty

vector using an MSCV-IRES-GFP (MIG) based retrovirus. Ba/F3 cells expressing, hCALR, or

empty mMPL using an MSCV-IRES-hCD4 vector were also produced. BCR-ABL p210 MIG Ba/F3

cells were used as a positive control for cytokine independent growth. Consistent with other

reports (109, 110), expression of CALRPE: or CALR™® was not sufficient to render Ba/F3 cells

cytokine independent in vitro (Figure 4.1A-D).
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Figure 4.1. CALR mutant Ba/F3 cells are not cytokine independent without MPL. Ba/F3 cells were
created expressing empty vector, CALRDEL, or CALR'NS, CALRDEL + MPL, CALRINS 4+ MPL, or p210.

5 x 104 cells were placed in either RPMI + 10% FBS (R10) media without cytokines (A and C) or R10 +
10ng/mL TPO (B and D) and cells were counted daily.

To further evaluate the oncogenic potential of Ba/F3 cells expressing mutant calreticulin
we injected CALRPEL, CALRWT Ba/F3 cells into BALB/c mice (2.5x10 cells, and CALR each) and
monitored for expansion of GFP+ cells in the peripheral blood. GFP+ cells emerged in the
peripheral blood in two out of ten mice each injected with CALRPE: or CALR™S cells, but not in
mice injected with CALR"T cells. Expansion of GFP+ cells caused mice to become moribund and

require sacrifice (Figure 4.2A).
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We retrieved GFP+ cells by FACS sorting from the bone marrow of moribund mice and
tested their ability to grow in vitro in the absence of cytokines. GFP+ cells retrieved from mice
(referred to hereafter as post-mouse) injected with CALRPE: Ba/F3 cells were able to grow in the
absence of cytokines, however GFP+ cells retrieved from mice injected with CALR™® Ba/F3 cells
did not grow in the absence of cytokines (Figure 4.2B) but grew well with supplemental IL-3.

We tested the ability of multiple cytokines, including thrombopoietin (TPO), erythropoietin
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(EPO), granulocyte- macrophage colony-stimulating factor (G-CSF), interleukin-11 (IL-11),
interleukin-7 (IL- 7), interleukin-11 (IL-11), Stem Cell Factor (SCF), and Interferon-gamma (IFNy)
to support growth of post-mouse Ba/F3 GFP* CALR™S, However, only TPO was able to support

growth of post-mouse Ba/F3 GFP* CALR™® cells (Figure 4.2D)
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Figure 4.2. Ba/F3 cells expressing CALRPEL and cALRINS mutations expand in a fraction of mice
and gain cytokine independence. (A) Survival of mice injected with 2.5 x 108 CALRWT, CALRDEL, or
CALRINS Ba/F3 cells (n=10 mice each). All mice remaining mice were sacrificed at day 183 post-

transplant, no GFP* cells were detected in the peripheral blood, bone marrow, or spleen of any of these
mice. (B) Growth of post-mouse cell lines in cytokine free media. (C) Growth of post-mouse cells lines in
media supplemented with 10ng/mL TPO. (n=5 each).

This suggested that the Ba/F3 cells which expanded in vivo expressed endogenous MPL.

Indeed, we found that all post-mouse cell lines expressed MPL (Figure 4.3A) on Western Blot.
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Next, we stimulated the cell lines with TPO and measured activation of ERK and STAT5 by
phosphorylation of ERK and STATS5 (Figure 4.3B). All post-mouse cells activated ERK and STAT5
upon TPO stimulation, providing further evidence for presence of MPL on the cell surface.
Activation of ERK and STATS was present without stimulation in CALRPE post-mouse cells as
well as CALRPE cells with ectopic MPL, consistent with constitutive activation of MPL signaling.
CALR™® post-mouse cells also had activation of STAT5 without TPO, suggesting constitutive

activation of MPL.
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After expansion, in vitro post-mouse cell lines were injected back into BALB/c mice to

compare the ability of pre- versus post-mouse cells to expand in vivo.

C MPL CALRPE- CALRPE--MPL 389 502

Ba/F3 CALRPE and CALR™S cells with ectopic expression of MPL (mMPL-MSCV-hCD4
vector) were also used as a comparator. We found that all post-mouse cell lines expanded and
caused death with similar kinetics as Ba/F3 CALRPE: and CALR™® with ectopic expression of MPL

(Figure 4.3D).
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Figure 4.3. Post-mouse cell lines have upregulated endogenous MPL. (A) Western blot
demonstrating MPL expression in post-mouse cell lines. (B-C) Western blot of cells stimulated with TPO
(50ng/mL) or PBS and harvested 15 minutes later to assess activation of downstream signaling

pathways. (D) Survival of mice injected with 2.5 x 108 post-mouse cell lines (389, 502, 521, 774), Ba/F3
CALRPEL MpL, or Ba/F3 CALRINS MPL (n=5).
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4.3 Methods

Cell lines: Ba/F3 cells were transduced with GFP- or human CD4-tagged MSCV retrovirus
expressing murine MPL or human CALR wild-type (CALRYT), 52bp deletion (CALRPEY), or S5bp
insertion (CALR™?). Cells were sorted for GFP or hCD4 positivity (FACSAria Fusion, BD
Biosciences). For double-transduced cell lines, Ba/F3 cells expressing MPL were clone-sorted
and expanded prior to transduction with CALR retroviruses. Cells were maintained in RPMI-
1640 supplemented with 10% heat- inactivated fetal bovine serum (FBS), penicillin,
streptomycin, and L-glutamine (PSL), and 5% WEHI-3 conditioned medium as a source of

murine IL-3.

Mice: BALB/c mice were retro-orbitally injected with Ba/F3 cells expressing CALRWT , CALRPEL
(n=10), CALR™® (n=10), post-mouse cell lines (389, 502, 521, 774) (n=5 each), CALRPE MPL (n=5)
or CALRN> MPL (n=5). Mice were monitored for presence of Ba/F3 cells (GFP*cells) in the
peripheral blood every 1-2 weeks post-transplant. Mice with expanding GFP* cells in the
peripheral blood (>10%) were monitored twice daily and sacrificed once they appeared
moribund at which time GFP* cells were sorted from the bone marrow or spleen (FACSAria

Fusion, BD Biosciences).

Cytokine independence assay: Ba/F3 cells were washed four times with RPMI-1640 and plated
at a concentration of 50,000 cells/ml in duplicate in either cytokine-free R10 medium (RPMI-

1640 + 10% FBS + Pen/Strep/L-glutamine) or R10 supplemented with
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5ng/ml murine TPO (BioLegend). Cells were counted daily by flow cytometry (Accuri C6, BD

Biosiences) and dead cells were excluded by gating via FSC vs. SSC.

Western blotting: Ba/F3 cells were plated in RPMI-1640 medium without FBS for 4 hours prior
to stimulation with murine thrombopoietin (TPO) for 15 minutes. Cells were washed with PBS
then lysed in RIPA buffer containing phosphatase and protease inhibitors (Sigma-Aldrich).
Protein concentration was measured via BCA assay (Pierce). 30ug protein was run on 12%
polyacrylamide gels then transferred onto nitrocellulose membranes. Membranes were
blocked with 5% BSA and probed with antibodies detecting phospho-STAT5 (BD Biosciences),
phospho-ERK1/2, total ERK1/2 (Cell Signaling Technologies), MPL, B-actin, and calreticulin
(Abcam). Proteins were detected using HRP-conjugated secondary antibodies (Abcam) and

chemiluminescence (Pierce) and visualized by a CCD imager (G Box, Syngene).

4.4 Conclusion

Here we demonstrate that in vivo passage of Ba/F3 cells expressing mutant CALR leads
to the selection of cells which have upregulated endogenous MPL thus allowing for their
subsequent expansion in mice. This work highlights the exclusivity of MPL as the requisite
scaffold cytokine receptor for mutant calreticulin and solidifies the central importance of

activated MPL signaling in the pathogenesis of MPN.
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Chapter 5: Calreticulin Expression Can Modulate MPL Signaling

5.1 Introduction to Calreticulin’s role in Hematopoiesis

As mutations in calreticulin, somewhat surprisingly, have been demonstrated to activate
the JAK/STAT pathway and lead to an increase in proliferation of myeloid cells (41), it still has
not yet been uncovered whether wild type calreticulin plays any role in hematopoietic stem cell
function or differentiation. However, it has been demonstrated that calreticulin helps
contribute in T cell receptor activation through its role in sequestering calcium ions, which are
important for T cell activation (113). This suggests that calreticulin does play some role in
hematopoiesis through its role in the cell of binding calcium. It has not yet been demonstrated
if calreticulin’s role as a chaperone protein, specifically for glycosylated cell surface receptors
for signaling pathways, could have any effect on hematopoiesis. This works seeks to
demonstrate that this may be the case.

In vivo primary mouse models can be a useful tool to examine exactly how expression of
genes in certain populations in the bone marrow affect hematopoiesis. Through secondary and
competitive transplants, it can be determined whether certain genes have a positive or
negative effect on HSC differentiation or self-renewal. We find that overexpression of
calreticulin seems to dampen MPL signaling in vitro and in vivo. Congruently, absence of
calreticulin leads to an increase in colony formation in vitro, an increase in LKS frequency and a
proliferation advantage in vivo, suggesting an increase in MPL signaling. These data suggest

that calreticulin may play a role in hematopoiesis through dampening MPL signaling.
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5.2 Results

CALRPE! leads to ET Phenotype in vivo and CALRPE: but not CALRYT can secondarily

transplant

To investigate the mechanism of disease for mutated calreticulin in MPN pathogenesis,

we developed a transduction transplantation mouse model in which wild-type bone marrow

cells are infected with Green Fluorescent Protein (GFP) tagged retrovirus encoding either empty

vector (EV), an overexpression of wild-type calreticulin (CALRYT), or calreticulin containing the

52 base pair deletion (CALRP') and transplanted into lethally irradiate recipient mice (C57B/6).

All mice in the three cohorts demonstrated robust stable contribution of GFP+ cells to

peripheral blood leukocytes (Figure 5.1A). All mice in the CALRPE: cohort developed

thrombocytosis without leukocytosis or erythrocytosis, akin to human MPN Essential

Thrombocythemia (Figure 5.1A).
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We performed secondary transplants into lethally irradiated recipient mice (Figure
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5.1B). CALRPE mice developed thrombocytosis as in the primary transplant. Surprisingly, GFP+
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cells were not seen in the secondary transplant from mice overexpressing wild type calreticulin

(CALRWT), although cells from the original donor (CD45.2) were detected in these secondary

transplants (CD45.2).
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Figure 5.1: CALR"*" develop ET like phenotype and CALR”*" but not CALR™" cells can
secondarily transplant. (A) Primary Transplant of bone marrow cells transduced with GFP* retrovirus
of empty vector (blue), overexpression of calreticulin (red) or overexpression of 52 base pair deletion in
exon 9 of calreticulin (green) into lethally irradiated recipient mice. Graphs display white blood cell count,
hematocrit, platelet count and chimerism (GFP" cells in peripheral blood). (B) Secondary Transplant of
bone marrow cells isolated from primary transplant mice of empty vector (blue), overexpression of
calreticulin (red) or overexpression of 52 base pair deletion in exon 9 of calreticulin (green) into lethally
irradiated recipient mice. Graphs display white blood cell count, hematocrit, platelet count and chimerism.
(C) A second independent secondary transplant of bone marrow cells isolated from primary transplanted

mice. N=5 p < 0.05 two way ANOVA.

The inability of CALRYT cells to contribute to hematopoiesis in secondary transplants was

confirmed with a second independent experiment (Figure 5.1C).
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Inability for CALRT cells to secondarily transplant is not due to lack of proper homing
or an activated immune system

Because no GFP+ cells were seen in secondary transplants even at the initial peripheral
blood assessment at four weeks post-transplant, we investigated whether CALRYT cells were
defective in their ability to home to the bone marrow in secondary transplants. We injected
GFP* Lin", c Kit* Sca-1* (LKS) cells sorted from primary transplanted mice into secondary
recipients and harvested bone marrow and spleen from transplanted mice 24 hours later

(Figure 5.2A-B).
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Figure 5.2 No difference of Empty Vector, CALR™" or CALR"*" cells in homing to bone
marrow and spleen 36 Hours post-transplant. (A)Frequency of GFP” cells in the bone marrow
24 hours after transplant (B) Frequency of GFP" cells in spleen 24 hours after transplant. Lin’, ¢
Kit", Sca-1" GFP" CD 45.1 cells were FACS sorted from primary transplanted mice and
transplanted into lethally irradiated recipient mice. After 24 hours, mice were sacrificed, cells

from bone marrow were harvested, stained and analyzed on Novocyte. N=3 p > 0.05, unpaired t
test.

We found no difference in the frequency of GFP* LKS cell in the bone marrow of mice
injected with CALRWT cells compared to CALRPE: or empty vector cells, demonstrating that the
inability of CALRWT cells to contribute to hematopoiesis in secondary transplants is not due to a
defect in their ability to correctly home to sites of hematopoiesis in these animals.

As demonstrated in Chapter 2, cells undergoing apoptosis can express calreticulin on
their cell surface as a signal to immune cells for destruction. To rule out the possibility that
CALRWT cells were being removed by the adaptive immune system, we performed primary and
secondary transplants in a RAG2-/- background which lack T or B cells (114). Even in the
absence of mature T and B cells, CALRYT bone marrow cells failed to contribute to
hematopoiesis in secondary transplants, as demonstrated by a lack of GFP* cells in the
peripheral blood of these mice over time (Figure 5.3B). This suggested that the inability of
CALRWT cells to contribute to hematopoiesis in secondary transplants was not due to an

activated immune response by T or B cells.
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To test this in vitro, we performed a phagocytosis assay by mixing CALRWT, CALRPE! or
empty vector Ba/F3 cells with bone marrow derived macrophages activated by LPS. CALRWT

cells were not more vulnerable to phagocytosis than CALRPE or empty vector cells (Figure 5.3C).
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Figure 5.3 Absence of Mature T or B cells has no impact on inability of CALRY" bone
marrow. cells to secondarily transplant and CALR™" cells do not demonstrate an increased
ability to be phagocytosed by activated bone marrow derived macrophages. (A)Chimerism
of lethally irradiated recipient mice transplanted with RAG2KO*° bone marrow cells transduced
with retrovirus expressing GFP* empty vector (red), overexpression of calreticulin (blue) or
overexpression of 52 base pair deletion in exon 9 of calreticulin (green) into lethally irradiated
recipient RAG2*mice. (B) Chimerism of lethally irradiated RAG2*© recipient mice transplanted
with bone marrow cells harvested from primary transplant mice. (C) CFSE" Bone Marrow
Derived Activated Macrophages after mixing with Ba/F3 cells transduced with empty vector,
CALRYT or CALRP". P< 0.05, unpaired t test.
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This suggests that CALRYT cells are not trafficking calreticulin to the cell surface to be
phagocytosed by activated macrophages.

Overexpression of calreticulin leads to significant decrease in colony formation, blunts
TPO dependent growth and physically interacts with MPL in Ba/F3 cells

This observation, that CALRWT cells are able to contribute to hematopoiesis in primary
transplants but not secondary transplants, suggests that overexpression of CALR may actually
impair the self-renewal of HSC. To further investigate the self-renewal capacity of
hematopoietic stem and progenitor cells overexpressing calreticulin, we sorted GFP* LKS cells
from primary transplants and performed methylcellulose colony formation assays. On the
initial plating, we found no significant difference between empty vector, CALRWT, and CALRPE:
(Figure 5.4A).
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However, on serial re-plating CALRWT cells were inferior in their ability to form colonies

as compared to empty vector and CALRPE! (Figure 5.4B).
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Figure 5.4 CALR"T LKS cells form significantly fewer colonies in serial re-plating assay.
(A)Colony Formation for Sorted LKS GFP+ Empty Vector, CALRWT or CALRDEL CD 45.1 cells for first
plating. (B) Colony Formation for Second and Third Plating. Lin-, ¢ Kit+, Sca-1+ GFP+ Empty Vector,
CALRWT and CALRDEL CD 45.1 cells were FACS sorted from primary transplanted mice and placed in
(M3231, StemCell Technologies) supplemented with mSCF, mTPO, mlIL-3 (Peprotech) and hEpo (Procrit,
Amgen). Colonies were counted every 7 days. For re-plating, cells were washed of methylcellulose and
cytokines, counted for a total of 5,000 and re-plated in (M3231, StemCell Technologies) supplemented
with mSCF, mIL-3 (peprotech) and hEpo (Procrit, Amgen). N=3 P< 0.01, multiple t tests

This suggests that the overexpression of calreticulin may negatively impacts the self-
renewal of LKS cells.

We observed a phenotype of defective self-renewal in CALRWT LKS and thought this was
reminiscent to the phenotype of loss of thrombopoietin receptor (MPL) (29). We hypothesized
that overexpression of wild type calreticulin may dampen MPL signaling since MPL signaling is
necessary for LKS self-renewal. As demonstrated in Chapter 1 and 2, we now know that
mutations in calreticulin interact with and activate MPL (42). There is some evidence that
suggests that wild type calreticulin may also bind MPL (85). We hypothesized that
overexpression of wild type calreticulin may bind to MPL and may inhibit its role in MPL

signaling. To test this, we performed growth assays in Ba/F3 cells co-expressing MPL and CALR
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with increasing amounts of TPO with TPO being the only growth factor allowing for survival in

culture. At all concentrations of TPO, CALRVT cells grow slower than cells transfected with

CALRPE: and MPL or MPL alone (Figure 5.5A).
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Next, we performed a coimmunoprecipitation assay with Ba/F3 cells that had been

transduced with c-MPL and calreticulin and found that in both lysates that contain endogenous

calreticulin and c-MPL or overexpressed calreticulin and c-MPL, there is an interaction that

takes place (Figure 5.5B).
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Figure 5.5 Overexpression of calreticulin suppresses TPO dependent growth and physically interacts
with MPL in Ba/F3 cells. (A) Growth Assay of Ba/F3 cells transduced with empty vector (hCD4),
MPL(GFP*, MPL (GFP*) CALRWT (hCD4), or MPL (GFP) CALRP® (hCD4) cultured with increasing
concentration of TPO. Cells were counted every day for 4 days on Accuri Flow Cytometer. p < 0.05 t test
(B) Western Blot demonstrating that calreticulin physically interacts with MPL.

CALR”- mice have a trend of an increase in frequency of LKS, LKS-SLAM and MEPs With
the overexpression of calreticulin in LKS cells demonstrating an impairment in self renewal and
suppression of MPL signaling, we sought to investigate if the loss of calreticulin would have any
effect hematopoietic stem and progenitor cell function. We hypothesized the absence of
calreticulin would result in increased MPL signaling. As demonstrated in Chapter 2, CALR”"
knockout mice are embryonically lethal at day 14.5, and therefore to study the effect of loss of
calreticulin on hematopoiesis in vivo, we had to find a work around. As demonstrated in
Chapter 1, mice embryos have a fully formed fetal liver at day 14.5. The fetal liver contains

hematopoietic stem and progenitor cells. (10). The Michalak lab, who have contributed
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immensely to understanding calreticulin’s role in the ER, had developed a CALR*- mouse line
which we requested (52). The Michalak lab generously provided several mice for us to use. We
backcrossed them into a C57B6 CD 45.2 background for 6-10 generations. To generate CALR”
embryos, we mated a male CALR* and female CALR*/, waiting 14 days and harvested the fetal
livers. After genotyping, we transplanted CALR”" fetal liver cells into lethally irradiated recipient
mice. Mice were bled weekly for peripheral blood cell counts. We determined that the
absence of calreticulin in the bone marrow did not lead to any distinguishing phenotype of
increased WBCs, RBCs or platelet counts compared to mice transplanted with cells containing

calreticulin (Figure 5.6A-C).
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(A) Figure 5.6 There is no difference in white blood cell, red blood cell or platelet count in

mice transplanted with CALR*/* or CALR”" fetal liver cells. (A)White blood cell count for
Primary Transplant of fetal liver cells from CALR"* and CALR”" embryos. (B) Red blood cell count for
primary transplant of fetal liver cells from CALR"" and CALR™" embryos. (C) Platelet count for primary
transplant of fetal liver cells from CALR"* and CALR™" embryos. P> 0.05 t test.
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We investigated if the absence of calreticulin caused any changes in the makeup of the
bone marrow. Interestingly, it appears that in CALR”- bone marrow, there was a tread of
increase in LKS frequency. Although it was not significant, we feel as though with an increase in
the sample size it may be. Furthermore, there was not a significant increase in LKS-SLAM (CD
150" CD48’), a population that is defined as HSCs, compared to bone marrow containing
calreticulin (Figure 5.7A). There did seem to be a significant increase in the HPC1/2 (LKS-CD

150" CD48*) but the significance of this was not something we pursued further (Figure 5.7B).
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As demonstrated in Chapter 1, HSC cells differentiate into more committed progenitor

cells. These progenitor cells lack self-renewal potential and are lineage committed. In the bone
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marrow of mice without calreticulin, we do see a trend of an increase in the megakaryocyte-
erythrocyte (MEP) population but no difference in the common myeloid (CMP) or granulocyte-

macrophage (GMP) population compared to cells that contain calreticulin (Figure 5.7C).
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Figure 5.7 There is a trend of an increase in frequency of LKS, LKS-SLAM and MEPs cells in
CALR” bone marrow. (A) Frequency of hematopoietic stem (LKS) and long term hematopoietic stem cells
(LKS-SLAM) in the bone marrow , (B) Frequency of short term hematopoietic stem (ST-HSC), HPC-1 and
HPC-2 in the bone marrow (C) Frequency of common myeloid progenitors (CMP), granulocyte monocyte
progenitors (GMP) and megakaryocyte erythroid progenitors (MEP) in the bone marrow of each mouse
measured by flow cytometry. N=3 p<0.05 t test
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CALR”" mice have increase in megakaryocytes in bone marrow and LKS cells have
increase in colony formation

We also took bone marrow histology sections from these mice and counted
megakaryocytes per field of view. We saw a significant increase in megakaryocytes in CALR”

mice bone marrow slides as compared to CALR** mice bone marrow slides (Figure 5.8A-B).
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Figure 5.8 There is a significant increase in megakaryocytes in CALR”* bone marrow

(A)Representative sections of H&E staining of bone marrow sections from CALR+/+ and CALR-/-
mice. (20X magnification shown, Keyence microscope running Keyence software) (B) Quantification of
megakaryocytes per field of view. P <0.001 t test.

To determine if the absence of calreticulin gives the LKS cell any advantage in vitro, we
sorted LKS cells from calreticulin” and calreticulin*/* bone marrow and plated equal numbers in
methylcellulose supplemented with mIL, mSCF, hEPO and mTPO to assess colony formation.
We saw a significant increase in the number of colonies that were formed from CALR”" LKS cells
compared to CALR** LKS cells (Figure 5.9A). To determine if the absence of calreticulin affected
LKS self-renewal, we performed a serial re-plating assay and saw a significant increase in

colonies formed from CALR”- LKS cells compared to CALR** cells (Figure 5.9A).
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Figure 5.9 There is a significant increase in colony formation from CALR”" LKS cells in a serial
re-plating assay. (A)Colony Formation for Sorted LKS CALR”- or CALR** CD 45.1 cells for first plating. (B)
Colony Formation for Second and Third Plating. Lin", c Kit*, Sca-1* CALR”- and CALR** CD 45.1 cells were
FACS sorted from primary transplanted mice and placed in (M3231, StemCell Technologies)
supplemented with mSCF, mTPO, mlIL-3 (Peprotech) and hEpo (Procrit, Amgen). Colonies were counted
every 7 days. For re-plating, cells were washed of methylcellulose and cytokines, counted for a total of
5,000 and re-plated in (M3231, StemCell Technologies) supplemented with mSCF, mIL-3 (peprotech) and
hEpo (Procrit, Amgen). N=3 P< 0.01, multiple t tests
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With LKS cells being one of two populations in the bone marrow that have c-MPL
expressed, we sought to determine if absence of calreticulin has any observable changes in
megakaryocytes and megakaryocyte progenitors. To test this, we isolated cells from CALR”
and CALR*/* fetal livers and plated them in Mega-Cult supplemented with cytokines. After 14
days, we stained for acetylcholinesterase and counted colonies. We did see a slight increase in
the number of megakaryocyte progenitor colonies formed on Mega Cult from CALR” cells
compared to colonies formed from CALR** (Data not shown). To further investigate if absence
of calreticulin had any observable changes in megakaryocytes, we cultured CALR”- and CALR*/*
fetal liver cells in media containing TPO to differentiate them into megakaryocytes. After 14
days, we harvested cells, cytospun them, and stained with Wright Giemsa stain to look at
megakaryocyte ploidy. We saw no significant difference in the ploidy of megakaryocytes with
or without calreticulin (Data not shown).

To determine if the absence of calreticulin gives HSCs a competitive advantage over
wild-type HSCs in vivo, we FACS sorted LKS cells from CALR”- (CD45.1) or CALR*/*(CD45.1/2)
donor mice, then transplanted equal numbers of CALR”- CD45.1 and CALR** CD45.1/2 LKS cells
along with lineage selected rescue bone marrow cells (CD45.2) into lethally irradiated recipients
mice. We found that starting from 4 weeks post-transplant, there was consistently a higher
percentage of CALR” CD45.1 cells than CALR*/* CD45.1/2 cells making up the donor derived

cells in the peripheral blood (Figure 5.10A).
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CALR”" LKS cells seem to have a competitive advantage in vivo
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Figure 5.10 CALR”" LKS cells seem to have a competitive advantage in vivo
Chimerism of lethally irradiated recipient mice transplanted with 200 sorted CD 45.1 CALR-/-

and 200 sorted CD 45.1/2 CALR+/+. p > 0.05 t test

This demonstrates that the absence of calreticulin does give LKS cells a competitive
advantage over cells that do have calreticulin expressed. All these data taken together suggest
that the absence of calreticulin leads to an increase in frequency of LKS cells in the bone
marrow, an increase in colony formation, a competitive advantage in vivo, an increase of
megakaryocyte colonies, all processes that involve MPL signaling.

5.3 Discussion

Calreticulin is involved in many different pathways in the cell including cell adhesion,
phagocytosis and calcium signaling, as demonstrated in Chapter 2. Its role in hematopoiesis has

not been determined yet. However, these data suggest that calreticulin may play a role in

49



hematopoiesis through its interaction with MPL. In the overexpression of calreticulin, there is a
dampening of MPL signaling. In its absence, there is an increase in MPL signaling. To us, these
data further suggests that calreticulin is involved in the self-renewal pathway in LKS cells. We
hypothesize that the mechanism for this is potentially through its role as a chaperone protein
for glycosylated proteins. It could be possible that calreticulin is sequestering MPL in the ER to
be properly glycosylated. In the absence of calreticulin, MPL may trafficked to the cell surface
even without proper glycosylation. Further work is needed to demonstrate that in the absence
of calreticulin, mature and immature forms of MPL are present at the cell surface, that
immature forms of MPL can activate the JAK/STAT pathway and to discover where this
interaction between calreticulin and MPL takes place in the cell. Since calreticulin has many
roles inside and outside a cell, its interaction with MPL in the self-renewal pathway may be
playing a small but significant role in the context of hematopoiesis.

5.4 Materials and Methods
Transduction-transplantation model of CALR overexpression. Transduction-transplantation
mouse model overexpressing WT calreticulin was performed as described previously (TK
Nguyen et al., 2016). Briefly, donor mice were treated with 5-flurouracil (5-FU, 150mg/kg).
Whole bone marrow cells were isolated and transduced with retrovirus encoding
CALRYT, CALR®® or empty vector (MIG) with GFP marker. Post-infection, cells were transplanted
into lethally irradiated C57BI/6J hosts.
Peripheral blood cell counts. Peripheral blood was obtained from the saphenous vein and
hematologic parameters were analyzed by an automated cell counter machine

(ABCVet Analyzer).
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Isolation of bone marrow LKS cells. LKS cells were purified from whole BM cells by staining
cells with antibodies against lineage cocktail, c-Kit and Sca-1 (Lin"s, c-kit* Sca-1+) followed

by fluorescence-activated cell sorting (FACS) on the FACSAria (BD Bioscienes).

Colony forming unit (CFU) assay. CFU assays were performed on sorted bone marrow LKS cells
from the transduction-transplantation model. Sorted LKS cells (200 cells) were isolated as
described above and plated in 3ml of Methocult (Stemcell Technologies) containing murine IL-3
10 ng/ml, murine SCF 50ng/ml and human EPO 20ng/ml. Colonies were counted after 7 days of

culture.

Western blotting: Ba/F3 cells were plated in RPMI-1640 medium with FBS. Cells were washed
with PBS then lysed in RIPA buffer containing phosphatase and protease inhibitors (Sigma-
Aldrich). Protein concentration was measured via BCA assay (Pierce). 30ug protein were added
to 2 ug of calreticulin antibody (Abcam) and mixed over night at 4 degrees C. Lysates mixtures
was then added to washed A/G Magnetic Agarose Beads (Pierce, Thermo Fischer) and mixed at
room temperature for an hour. Lysate mixtures were added to a magnet and flow through was
collected for analysis. Agarose Beads were washing 3 times, beads were then added to Laemeli
Buffer with BME for 30 minutes at room temperature while mixing to separate beads and
proteins lysates. Beads were added to magnet to elute protein lysates and protein lysates were
run on 12% polyacrylamide gels then transferred onto nitrocellulose membranes. Membranes
were blocked with 5% BSA and probed with antibodies detecting MPL (EMD Millipore) B-actin
(Abcam), and calreticulin (Abcam). Proteins were detected using HRP-conjugated secondary
antibodies (Abcam) and chemiluminescence (Pierce) and visualized by a CCD imager (G Box,

Syngene).
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Mice. CALR* mice genotyped were obtained from the Michalak lab, University of Alberta, and
back crossed 7 generations into a C57BL/6 CD 45.2 or CD 45.1 background. Mice were bred and
maintained in the animal facility at the University of California, Irvine. Food and water were
provided ad libitum. All animal procedures were reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC).

Fetal liver harvest and transplant. We paired female and male mice together and weighed the
female mice daily. We found that between 9-10 grams of weight gain correlated strongly to
day 14 of the pregnancy cycle. On day 14 we sacrificed the pregnant females and harvested
the fetal liver tissue from the embryos. We used tissue harvest from the heads of the embryos
for genotypic analysis by PCR for primers specific to calreticulin. Fetal livers were placed in PBS
and ran through an 18, 21- and 23-gauge needle with a 3 mL syringe. Cells were spun down,
lysed for red blood cells and counted.

Isolation of HSCs from fetal livers. Calr heterozygous (Calr) mice were paired to obtain
embryonic fetal liver tissues. Fetal livers were harvested from embryos dissected at embryonic
day E12.5 to E13.5 (based on weight gain of pregnant female). Single cell suspensions were
prepared by serially aspirating and expelling the tissue through 18, 21 and 23-guage needles in
DMEM medium containing 10% FBS. Genomic DNA for genotyping was isolated from embryo
head tissue.

Flow cytometry analysis of bone marrow and fetal liver HSCs. Fetal liver cell suspensions were
obtained as above. Whole bone marrow (BM) was harvested from both femurs and tibiae,
RBCs were lysed with ACK buffer and cells stained for 30 minutes on ice. Pacific blue

conjugated antibodies against Ter119, Macl, Grl, B220, CD3, CD4 and CD8 were used to detect
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mature cells (Lineage cocktail). HSC populations were detected by staining with mouse specific
antibodies against Lineage markers, c-Kit, Sca-1 (LKS), CD48 and CD150 (LKS-SLAM). Progenitor
subsets (CMP/GMP/MEP) were detected using antibodies against CD34 and CD16/32. Flow
cytometry was performed on the Novocyte (ACEA Biosciences) at the UCI Immunology Core
facility. Data were analyzed using FlowJo software (Tree Star Inc.).

Fetal liver transplant and peripheral blood chimerism. Fetal liver cells were obtained as
described above. CALR++or CALR”-cells (1x10¢) were injected (via retro orbital) into lethally
irradiated recipient mice. Peripheral blood cell counts were obtained

monthly. For competitive transplants, sorted LKS cells from CALR-

/- (CD45.1) and CALR++(CD45.1/2) FL donors, (2000 cells each) were injected into lethally
irradiated recipients (CD45.2). Flow cytometry for chimerism of mature cells in peripheral
blood was performed using CD45.2 APC and CD45.1 FITC antibodies along with CD11b and Gr-1
to detect myeloid cells. Data was acquired on the BD Accuri C6 (BD Biosciences).
Megakaryocyte colony forming assay. MK colony forming assays were performed

on CALR*+ and CALR fetal liver cells using the MegaCult™ (Stemcell Technologies), following
manufacturer’s instructions. Colonies were stained for acetylcholinesterase activity after 6 to 8
days. Intensity of acetylcholinesterase stain was quantified using Imagel.

In vitro differentiation of fetal-liver derived megakaryocytes. Homogenized fetal liver cells
were cultured in DMEM medium containing 10% FCS, 0.5% penicillin/streptomycin and 50
ng/ml recombinant murine TPO at 37°C and 5% CO,. Between 3 and 5 days of cultures, cells

were imaged for proplatelet formation.
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Determination of MK ploidy. For ploidy measurements, cultured cells were washed with
PBS/BSA 0.5 % and stained with APC conjugated anti-CD41 for 30 minutes at 4°C. Cells were
then incubated in staining buffer containing propidium iodide (50 pg/ml), sodium citrate
(4mM), RNase A (0.2 mg/ml) and Triton-X 100 (0.1%) for 30 minutes before flow cytometry.
Statistical Analysis. Data are presented as mean * standard error of the mean. Data were
analyzed using unpaired or paired (competitive transplants) Student’s t-test, and p-value<0.05

was considered statistically significant.
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Chapter 6 Conclusions and Future Work

6.1 Conclusion
Calreticulin’s role in MPN has been well characterized. We know that mutations in exon

9 of calreticulin interact with c-MPL protein to activate the JAK/STAT pathway. It has been
demonstrated, by us and other labs, that in Ba/F3 cells that simultaneously express c-MPL and
mutations in exon 9 of calreticulin are cytokine independent. Interestingly, mutations in
calreticulin do not seem to lead to a selective advantage at the HSC level in a mouse model
which is quite different from activating mutations in JAK2 and MPL in mouse models.
Furthermore, there is some evidence that mutant calreticulin can be secreted from the cell and
activate JAK/STAT signaling in a paracrine manner (84). It has also been hypothesized that
mutations in calreticulin lead to either the mRNA transcript that is not stable and gets degraded
or the protein expression is not stable and gets degraded (81). Most of the phenotypic effects
of mutant calreticulin’s role in MPN are linked to its interaction with MPL. But with these
mutations in calreticulin leading to a novel C terminus that abrogates its native ability to bind
calcium ions, it has been suggested that mutations in calreticulin that cause MPN pathogenesis
alone cannot cause all the MPN phenotypes that we see in mouse models and in humans.
Some published reviews have speculated that the disruption of calcium signaling within HSCs
and progenitor cells with mutant calreticulin could be contributing to some of the disease
phenotypes. This work did not dive into that possibility.

This work started off looking at mutations in JAK2 that lead to a mild MPN phenotype,
then drifted to helping to determine the mechanism for how mutations in calreticulin lead to
MPN pathogenesis then finally sought to determine what is calreticulin’s role in hematopoiesis

in general. Since calreticulin has many functions inside a cell, most MPN patients are treated
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with a JAK1/2 non-selective inhibitor and specific targeted therapies like Gleevac are the
desired therapeutic target, it is essential to determine what calreticulin’s role in hematopoiesis
is. This work provides evidence that calreticulin can suppress MPL signaling, an important
signaling pathway for self-renewal of HSCs and differentiation in hematopoiesis. We had
several follow up experiments planned that would help us further unlock calreticulin’s role in
the cell in hematopoiesis but due to the COVID-19 epidemic restrictions, those could not be
completed in time for this dissertation. We thought a critical experiment would be to evaluate
SOCS3 expression in CALRYT and CALR” cells. We know SOCS3 is a key negative regulator of
JAK2 signaling and have demonstrated that in JAK2 mutant patients, there is some
dysregulation of SOCS3 in response to IL-10 activation. If overexpression of calreticulin is
suppressing MPL signaling through JAK2, possibly there may be a synergistic effect with SOCS3
to keep this pathway suppressed. Furthermore, if absence of calreticulin is leading to an
increase of MPL signaling through JAK2, perhaps SOCS3 is suppressed in some way to keep this
pathway active longer than it should be. To further determine if MPL signaling in the presence
and absence of calreticulin is increased or decreased, we wanted to look at phosphorylation of
STAT3 and STATS after serum starvation and TPO stimulation in CALR"T and CALR”" cells. A
couple years ago, we sent stimulated and fixed bone marrow cells from one CALRPE, one
CALRYT and one empty vector mouse to Steve Oh’s lab at Washington University where they
perform CyTOF analysis at these samples. They determined that there was definitely a
difference in phosphorylation of STAT3/5, with CALRYT have a decrease in phosphorylation of
STAT3/5. At that point, we were not focused on this project and didn’t pursue it further.

However, given what we know now, we would like to evaluate pSTAT3/5 status after serum
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starvation and TPO stimulation in these cells through Western Blot of Ba/F3 and fetal liver cells,
Phosphoflow and CyTOF to confirm in HSC and progenitor populations. This would give us the
clearest picture of MPL signaling status through the JAK/STAT pathway. Finally, we would like
to evaluate the cell cycle status of CALRYT and CALR”" HSCs. As mentioned in Chapter 1, most
HSCs exist in quiescence exiting only to go through the cell cycle when necessary. If
overexpression of calreticulin was suppressing MPL signaling and thus self-renewal of HSCs,
then these HSCs would be existing in the G° phase for a longer period of time compared to
control. Likewise, if the absence of calreticulin was leading to an upregulation of MPL signaling
in HSCs, then potentially these HSCs would be going through all stages of the cell cycle at a
faster rate than control cells.

6.2 Future Directions

If given more time and unlimited resources, | would love to dive more into the
mechanism for this interaction between calreticulin and MPL. | would love to try to determine
which domains of calreticulin are necessary and sufficient for interaction with MPL. We can
already hypothesize that it may be the N or P domains since those domains are the same in wild
type calreticulin and mutant calreticulin. | would further seek to determine where in the cell
this interaction takes place, whether it is solely in the E.R. or if calreticulin travels with MPL to
the cell surface in vesicles to ensure it stays properly folded. | would also seek to determine if
calreticulin is an integral chaperone for MPL and other cell surface receptors or if other
chaperone proteins can compensate for calreticulin loss. All together these future directions
would allow us to determine if a mutant calreticulin specific inhibitor would potentially

demonstrate some clinical benefit to MPN patients with calreticulin mutations or if modulating
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calreticulin expression through enhancing wild type calreticulin expression or calreticulin
peptide treatment could have some clinical benefit. As | mentioned in Chapter 2, Ross Levine’s
lab has demonstrated some benefit of treating primary cells from calreticulin mutant patients
with a wild type c terminal calreticulin peptide mimetic (85).

The evidence presented here seems to hint at a bigger question: are chaperone proteins
important for other roles in the cell, not solely just folding proteins? This question asked
another way might be can you modulate the availability of certain cell surface receptors,
including those responsible for activating pathways associated with cancers simply by
modulating the availability of chaperone proteins? We know one of the basic principles of
biology is that form follows function and that correct form or folding of a protein is necessary
for its proper function in the cell. Since most proteins make a stop in the E.R. to ensure they
are correctly folded and post translationally modified, the E.R. may play a key role in stopping
cell surface receptors with activating or inactivating mutations from ever reaching the cell
surface. If we could figure out a way to modulate the availability of certain cell surface
receptors by way of chaperone proteins, that may unlock a potential therapeutic treatment for

certain cancers that have been linked to activating mutation in cell surface receptors.
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