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Abstract

Thrombopoietin (TPO) is the primary regulator miegakaryocyte development,
regulatingproliferation and differentiation in addition the number of circulating
plateletsthrough binding to and stimulation of the cell surface receptor MPL.
Activating mutations in MPL constitutively stimulate downstream signalling
pathways, leading to aberrantgmatopoiesis and contribute to developmeht
myeloproliferative neoplasms (MPNs). Several studies have mapped the tyrosine
residues within the cytoplasmic domain of MPL that mediate these cellular signals;
however, secondary signalling pathways are incompletely understood. Additionally,
the identiication of the JAK2®F mutation has profoundly increased our
understanding of MPNs and although a role has been implicatetto, thein vivo

role of MPL inJAK2**"F_positive MPNs has yet to be determined.

In this thesis, a novel signalling pathyvdor the negative regulation of TPO
signalling was identified whereby MP1** is phosphorylated resulting in association
of SYK which negatively regulates TP@ediated ERK1/2 signalling. Additionally,

genetic manipulation of aim vivo JAK2/%*"%

positive MPN mouse model led to the
identification of MPL as an essential molecular component for development of
JAK2"% " postive MPNSs. In the absence or reductionViiL, the disease fails to
develop. However, removal of the cytokine, TPO, was unable to prevent the disease

from developing.

These findings provide novel insights not only into regulation of -BR@alling but

also the role of TPO and MPL i#AK2"**"F-postive MPN disease pathogenesis.
Identification of the role of MPL in MPN pathogenesis, as well as insights into
additional regulatory pathways, contributes to our understanding of normal and
pathological TPO signalling. These new insights also provide as bias
development of novel therapeutics for the treatment of MPNs and other diseases

resulting from aberrant of TPO signalling.
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Chapter 1

CHAPTER 1 INTRODUCTION

1.1 Haematopoiesis An Overview

Haematopoiesis is a dynamic process by which all of the mature blood cells of the
body are generateiiroughsuccessive differentiation of a haematopoietic stem cell
(HSC)Figurel.1). HSCs are a rare population of cells found in the bone marrow of

adult manmals and are responsible for production of all mature blood cells
throughout a personods | ifeti me. HSCs are
selfrenewal and differentiate into mature hematopoietic cells including lymphoid

and myeloid cells.
1.1.1 Embryonic Haematopoiesis: Emergence and expansion of HSCs

Mammalian haematopoiesis initiatas embryonic day 7.5 (E7.5) the yolk sac
blood islands and subsequently occurs in the ammedmesonephros (AGM)
region and the foetal liver until the bone marr(®M) develops and takes over as
the primary site of haematopoiesis throughout adult®a@y{Figure 1.2).
Developmental haematopoiesis is agped into two sequential waves: primitive
haematopoiesis and definitive haematopo{8si$rimitive haematopoiesis occurs in
the mammalian yolk sac giving rise to a unigue population of primitive erythroid
progenitorg9) to facilitate transport of oxygen to the developiegibryql10).
Additionally, macrophages are produ¢et) to aid in tissueremodellingl12).
Definitive haematopoiesiss marked by the emergence of functional H3@s
which initially arise in the AGM region at murinel&11(13,14); this region is
analogous to the ventral endothelium of the dorsal aorta in 4lveek human
embryd15). Runx1, also known as acute myeldaikaemial protein (AML1) or
corebinding factor subunit alph2a (CBFA2), is a transcription factor essential for
AGM-derived HSC formatiofd6). All embryonic HSCs were shown to express
RunxX17). Mice lacking functional Runxl exhibit normal primitive or y&c
derived haematopoiesis but failed to establish normal foetal liver haematopoiesis
resulting in death at 1516). Additionally, HSCs have also been detected in the

mouse placenta paralleling the timing of appearance in the AGM (&gjaf).
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Figure 1.2 Embryonic Haematopoiesis

(A) Diagramof a mouse embryo at E11.5 with haematopoietic tissues labelle@igBjam of cells
generated within haematopoietic tissues within an emi(@p.A timeline illustratingthe primary
regions of haematopoiesis during embryogenesis to birth in both mice and huéthbreviations:
AGM 71 aortagonadmesonephros; EC$ endothdéial cells; RBCsi red blood cells; HSCS
haematopoietic stem cells; EHISC i long term haematopoietic stem cell;, -5iIBC i short term
haematopoietic stem cell; CMPcommon myeloid progenitor; CLPcommon lymphoid progenitor
MEP T megakaryocyte/erythrdiprogenitor; GMRA granulocyte/monocyte progenitor;iBB-cell; T
T Tecell
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Subsequent haematopoiesis occurs when HSCs migrate through the circulation
where they colonize and expand within the foetal (1/&r HSCs ultimately
colonize the thymus, spleen and bone ma(®wit is believed that these sites
provide niches to support HSC expansion rather tiganovogeneratiofb). In adult

mammals, the bone marrow is the primary site of haematopoiesis.
1.1.2 The Haemangioblast

In addition to initiation of primitive haematopoiesis, endothelial cells also
differentiate from the mesoderm at E7.5. This concurrent development resulted in
the hypothesis of a common precursor for blood and vascelds called the
haemangiblast(Figure1.3). A number of cell surface markers are common between
haematopoietic precursors and endothelial cells including the haematopoietic
progenitor cellantigen CD34 (CD34), Foetal Liver Kinase 1 @@K&D135/fmslike
tyrosine kinase 3 (FLB)) and the angiopoietith receptor (Tiedp0-22), further
suggesting presence of a common progenitor. Bt and Tie2”~ embryos are
deficient in both haematopoietand vascular development and isheitero between
E8.59.5 or at E10.5, respectivéBi,22). In vitro culture of individual blast colony
forming cdls derived from embryonic stem (ES) cells was able to generate both
multi-lineage haematopoietic and endothelial cells, providing evidence for the
existence of the elusive haemangiol{23p4).

1.1.3 Haematopoietic Stem Cell

HSCs are a small subset of cells in the bone marrow responsible for production of all
mature blood cells throughbu a per sonbés | ifeti me. HSCs

capacity to undergo selénewal and differentiate into matureaematopoietic

cellg25).

In 1961, Till and McCulloch observed in irradiated mice distinct nodules in the
spleen of recipient mice which contained colonies of proliferating cells of multiple
haematopoietic lineagé26), these clonies were later determined to be clones from
single cell$27) capable of selfenewa(28). Due to this capacity for sefenewal in
addition to their ability to expansively proliferate and differentiate, these cells were
thought to be HSG29) and importantly, spleen colony formation providedian

vivo method to quantify these cdl5).
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Figure 1.3 The Haemangioblast
A schematic depicting the differentiation of a haemangioblast into both HSCs and endothelie

Above the cells are cell associated cell surface markers. Transcription factors promoting
differentiation are indicated by arrows. Adapted from Medvinsky @ealelopment2011(30).
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The study of HSC biology is reliant on the ability to distinguish HSCs from other
progenitor cells. To this end, there have been many studies aiming to identify
markers capable of definitive identification of HST#$e characterization of HSCs
was vastly mproved with the introduction of flow cytometry. As HSCs are capable
of differentiation into multiple hematopoietic lineages, it was postulated that cells
expressing lineage specific markers could be excluded as (BBCk order to
isolate a more pure population of HSCs from mouse bone marrow, monoclonal
antibodies against B cells 2B20), granulocyte§Gr-1), myelomonocytic cells (Mac

1) and T cells (CD4, CD8)yere usedo isolate lineage negative (Ljrcell§32). This
isolated population was found to express low levelgshgmocyte differentiation
antigen 1 Thy-1, CD90) consistent with previous reports characterizing3@t
HSCs. This populationis further dividedbased onstem cdl antigenrl (Scal)
expressionto enrich for thymic repopulation abil{{§4), and it was reportedthat
Thy-1°Lin"Scal" cells (0.05% of whole bone marrowdomprised of a 50% pure
long term HSC (LT-HSC) populatiorf32). The Thy1'°Lin'Sca1 population is
enriched for short term HSGOST-HSC)32). Later reports, however, found this
fraction of cells to be heterogesus with only 25% of the cells being capabléotay

term repopulation ability, the remainder providing only transient multilineage
repopulatio35). In the search for a pure HSC population a humber of additional
cell surface markers wesmalysedor their potential @ better distinguish the HSC.
Morrison et al found stem cell growth factor receptoc-kit, CD117)expressiorto
further enrich the Tht°Lin"Scal* HSC population for LTHSC<35). Osawa et al
thenutilized the human HSC marker, CD34, to further entfeac-kit*Thy-1°Lin"
Scal® HSC population. Unexpectedly, the CL¥34population was better at
distinguishing LFHSCs than the CD34populatior{36). Christiansen et aused a
different tyrosine kinaseFlk-2 and found isolated that-lit*Thy-1.1%lin"°Sca
1'FIk-2" cells were functionally superior at long term multilineage retiaution,
reconstituting all irradiated recipients whereast*Thy-1.1%lin"°ScalFlk-2* cells
provided only short term reconstituti@®). Thus, the Thy1°Lin'Scal’c-
kit"CD34°FIk-2 mouse bone marw population is highly enriched for RSCs
whereas the Th¥'Lin'Scal'c-kit"*CD34'Flk-2* is enriched for STHSCs
Althoughthese markers are very good for distinguishing betweefl&Cs and ST

HSCs from the bone marrowhe number of antibodies necagsto isolate these
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cells makes studying these ceilfs vivo within their microenvironmentextremely
difficult. To this end, the SLAMamily of cell surface receptomsas identified as
markers of HSO88).

The SLAM family includes signalling lymphocytic activation molecule 1
(SLAMF1/CD150, natural killer cell receptor 2B4 CD244 and signalling
lymphocytic activation molecule 2 (SLAMR2DA48) aredifferentially expressedn
HSCs,multipotent progaitors (MPPs) antineage restricted progenitotdsing only
the SLAM family of markers, the CD150CD244CD48 population
(0.0084%=0.0028% of whole bone marrosdntains 20% LIHSCs while the
CD150CD244'CD48 population is indicative of MPPs and the CD150
CD244CD48" population of lineage restricted progeni{@®. However, the HSC
purity in this fraction of cellsis further improved upon selection from the Sca
1"Lin-c-kit" subset of HSCs, with 50% of the SEA.in-c-kit"CD150CD244CD48
populationbeing LT-HSCZ38). Although this fraction is highly enriched for LT
HSCs, it still requires a lot of markers for identification and isolation. Kent.et al
defined a modified set of markers, terme@&EAM(39) which differs from SLAM
HSCs (CD150CD48) in that itincludes the murine endothelial protein C receptor
(EPCR/CD201) which was found highly expressed in H8@s Selection for the
four ESLAM™ markers, C150CD45 CD201'CD48, yields 43% LTHSC<39).
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1.2  Thrombopoietin Signalling

1.2.1 Discovery of MPL

The myeloproliferative leukemia virus (MPLV) was first described in 1986 by
Wendling and colleagé$l). They showed that mice infected with MPLV developed
an acute and generalised myeloproliferative disorder, characterised by
hepatosplenomegaly, granuléasis, thrombocytosis and polycythei@id). MPLV
infection was sufficient to induce myeloid progenitor cell transformation resulting in
the ability of these cells to grow and differentiate in the absence of exogenous
growth factorsin vitro(42,43). To conclusively demonstrate that MPLV was the
molecular entity responsible for the disease, theldémidjth provirus was cloned and
tested for transforming afiiy(44). Intravenous injection of viral supernatant into
mice resulted in splenomegaly, leucocytosis avlgiqythaemigd4). Further analysis

of haematopoietic progenitor cells from these mice revealed cellsbleaph
proliferation and differentiation in the absence of exogenous caltmylating
factorg44), demonstrating that MPLV was indeed the molecular entity necessary for
the observed myeloproliferatio®equence alysis of MPLV in 1990 revealed

was derived from Friend murine leukemia virusMELV) with 1.5kb of the F
MuLV envelope replaced by a wel 0.7kb norviral sequend@4). The novel
sequence, termedral mpl (v-mpl), was found to be conservegnong mammals,
including humans and specific to cells within major hematopoietic compartments of
miceg(44). The predicted amino acid (aa) sequence of the MRb\Vmpl gene
suggested that thempl protein coded for a membrane spanning receptor with no
predicted kinase activity and a conserved -3g¥X-Trp-Ser (WSXWS) NH2
terminal ligand binding motif charaaristic of the hematopoietic cytokine receptor
superfamily44,45). The human homologellular MPL ¢-MPL), was successfully
cloned in 199246). In this body of work, MPL refers toRIPL.

1.2.2 MPL structure

MPL belongs to the homodimeric type | cytokine receptor family. This family of
recepobrs is characterised by the presence of four conserved cysteine residues
forming a cytokine receptor homology module (CRM), the WSXWS motif,

fibronectin type 11l domains and conserved Box1/Box2 m@tifgFigurel.4).
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CRM1
WGSWS
CRM2
WSSWS
) RWQFP Signal Peptide
Box1 Extracellular Domain
—— Conserved Cysteines
Box2 MPL Specific
— Y591 WSXWS Motif
Transmembrane Domain
Intracellular Domain
- ¥g§g Box1/2 Motifs

—— Phosphorylated Tyr Residues

Figure 1.4 Schematic representation of human MPL monomer

Figure represents full length human MPIg8form which is 635aa long. The location of import:
motifs is indicated. MPL containgxd 8aa signal peptide, 2 CRMs, a single transmembrane spal
region, an amphipathic motif at the junction between the transmembrane and cytoplasmic
Box1Box2 motifs for JAK2 binding and cytoplasmic residues that are phosphorylated in respc
TPO.
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The family can be further subdivided into groups based on sequence and structural
homology of the cytokine and its receptor. MPL belongs to thepgfioteceptors

along with the erythropoietin receptor (EPOR), prolactin receptor (PRLR), growth
hormone receptor (GHR) and orphan receptor -G(48). Group 1 receptors and
ligands are considered the prototypic type | cytokines. These receptors aresedmpr

of a single chain, function as homodimers and are characterised by an extracellular
domain consisting of only CRN#8,49). Full length human MPL protein is
comprised of 635aa with a large 485aa extracellular domain including a predicted
18aa signal peptide and two CRMs, a 22aa transmembrane domain and a short 122aa
intracelular domair{46)(Figure 1.4). Human MPL was mapped to chromosome
1p3450) and murine MPL to chromosome (&1). MPL is highly conserved, the
human and mouse proteins share 81% amino acid identity, conservation is highest
for the cytopasmic domain with 91% identify2). HumanMPL is encoded by 12
exons over 17kb of DNA with a gite exon coding for the signal peptide, four exons

for each of the two CRMs, a single exon for the transmembrane domain and two
exons for the cytoplasmic dom&3®). There are fouMPL mRNA isoforms found

in humans. The first isofornMPLP contains 12 exons and @udes the full length
functional receptq¥6,53). Translation initiation is thoug to occur at the
methionoine codon at position(4%). The second isoformMPLK, encodes a
truncated 572aa receptor resulting from premature transcript termination within
intron 1q46,53). The resulting receptor caihs an extracellular and transmembrane
domain identical to NLP but has a cytoplasmic domain of ona@which differs

from MPLP after 9a@16). The extracellular domains of both MPLP and MPLK
contain four Nlinked glycosylation sitg46). A third isoform,MplS is the result of
transcripts lacking exons 9 and 10, resulting in loss of €RMnd the
transmembrane domain thus coding for a soluble form of (@BL A fourth
isoform, termedMPL-del, lacks 24 amino acids within the extracellular domain
resulting from alternative splicing between exons 8 and 9 and encodesia firate

is not expressed on the cell surf@e®. Upon western blot detection bimanMPL

from BaF3-MPL cel lines, there are @lycoformspresent, an 85kDa and 80kDa
form representing the mature fully glycosylated and immature forms of the receptor,
respectivel{55,56).

10
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1.2.3 MPL Biology

It was recognised early on that the cellular role of MPL was in
haematopoies{d1,44). The ability of the wmpl to induce generalised
myeloproliferation was the first line of evideriéé&). Moreover, MPL expression is
restricted to haematopoietic tissues including adult spleen, foetal liver and bone
marrow(44). The ability of MPLV to induce growth factor independence within a
broad range of hematopoietic lineages suggested its imolearly HSCg44).
Antisense oligodeoxynucleotide targeting Mipl prevented maturation of MK
progenitors, revealing its roks a regulator of megakaryopoi€Si§. The proposed
role of MPL in HSCs and megakaryopoeisis was supported by its expression
primitive hematopoietic progenitor cells aadriched expression anegakaryocytes
and platelet®7). Although MPL was identified in 1990, it remained an orphan
receptor until the cloning of its ligand thrombopoietin (TPO) in 1994, making it
difficult to study its exact biological role. The biological roles of TPO arRLNMre

discussed together in detail in the subsequent sections.
1.2.4 Cloning of Thrombopoietin

Platelets were first described by Bizzozero in 1882 and in the 1900s, Wright reported
that these cells, which arose from bone marrow megakaryocytes, were essential
coagulation (Reviewed (B8)). A number of studies following these seminal
observations, led to the idea that platelet production was a regulated process
(Reviewed in (58)), eventually leading Kelemen to the coin the term

0t hr o mb@®9. dr'heecytokinedwas finally cloned almost simultaneously in
1994 by five independent groups and was shown to stimulate platelet prodoction
vivo through expansion of megakaryocyte progenitors and promotion of
megakaryocyte maturation as measured by increzaedize and polyploid$0-64)

and (Reviewed ir(58)). Based off of the Merminal sequence of purified porcine
TPO, de Sauvage and colleagues were able to clone huma(@ZPW/hereas,
genetic removal of previously cloned cytokines capable of moderately increasing
platelet counts did not result in thrombocytopenia&yiBwed in (58)), animals
genetically deficient in the gene for TPOthgo, were severely

thrombocytopeni®b5), validating TPO as the regulator of platelet production.

11
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1.2.5 Thrombopoietin structure

HumanTPO cDNA is 1,774 nucleotides in length with a poly{A&il with an open
reading frame of 1,059 nucleotid6g). It is synthesized as a 353 amino acid long
polypeptide which is cleaved to form raature 332 amino acid long secreted
protein(66). The human TPO gengas mapped to chromosome 3927 and is 6.2kb in
length comprised of six exons and five intr@@®, although an additional exon was
subsequently detected upstream of ex(@8)1 The pptein is encoded by exons 3

7(68). Only a single copy of the TPO gene was detected in the géédniit a
number of splice variants have been reported. The first has a 4aa deletion of residues
112-115 at the junction of exon 6 and 7 but maintained the same reading frame
whereas the second variant has an extra splice site within exon 7 and resulted in a
frameshift. Studies in which cells were transfected with-larigth TPO cDNA
resulted in expression and secretion of biologically active (6B&9); however,

both splice variants were expressed but not se¢fSednd was therefore unable to

induce prolieration of MPL expressing Ba/F3 c€9).

The protein consists of two distinct domains. The amine@ininal domain of
human TPQwhich consists of 158siduesjs responsible for receptor bindifg).

This region is also highly hydrophobic and is predicted to function as a secretory
signal69). The carboxyl(Gterminal domain is less conserved; however, conserved
glycosyhtion sites within this domai®9) undergo bdi N- and Olinked
glycosylatior{70,71), which promotes protein stabil{§0). Although independent
studies found the @®rminal domain to be necessary for protein secretion, the role of
glycosylation remains uncertain. One study found glycosylation at Asn213 and
Asn234 to be necessary for proper secretion of the p(@®iwhereas another study

reported that Ninked glycosylation only played a minor r¢rd).

The receptobinding domain orN-terminal region of TPO shares structural
similarities and high sequence homology with EPO, maintaining 22% identity and
25% conserved substitutions; however, both bind to their cognate receptor with high
fidelity(65,73,74). Sequence alignment of TPO agaimgerleukin4 (IL-4) resulted

in prediction of 40 surface exposed residues that were subsequently tested for

functional activity using alaninscanning mutagenesis, monoclonal epitope mapping

12
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and phage display binding ass4ys). Mutation of two residues, Asp8 and Lys138,
had the largest effect on receptor binding increasinghtdémaximal effective
concentration ECsg) values approximately 2fdld. Additional residues affecting
binding include Lys14, Lys52, Arg136 and Argl4Giwan increased Egbetween

5- and 15fold and Argl7, Ser24, Lys59, Arg98, Serl06, Leul29, GIn132, His133
and Leul44 which increased g®etween 2to 5fold. The majority of these resides
map to helixl and helix4 and map to one side of the predictedt@n(75).
Recently, a clinicalmutation of TPO, Argl7Cys, mch maps to helpd, was
recently described in a family with congenital thrombocytopenia and aplastic
anaemi@/6) validating the importance of helik for receptor association. The
crystal structure of the receptbinding domain of TPO revealed a four helix bundle
with up-up-downrdown topology, also known as an antiparallel fbalix bundle
fold(73).

1.2.6 Thrombopoietin biology
1.2.6.1 Thrombopoietin regulation

It was discovered well before the cloning of human TPO that plasma, serum and
urine from thrombocytopenic patients and animals contained the feagpable of
promoting megakaryopoiesis (reviewed7n). In fact, this served as the basis for
some of the strategies utilized to clone T8#64). The cloning of TPO allowed for
investigation into its regulation. Insight into transcriptional regulation cairen a

Tpo” mouse was generated by de Sauvage @5pl.Unlike theMpl™™ mous&78),

the heterozygou$po mouse displayed an intermediate platelet count betwddn

type (WT) and Tpo’, indicative of a gene dosage effect which was supported by
reduced TPO mRNA in these m{6&). Therefore, TPO is constitutively expressed
with regulation occurring predominantly at the pwahscriptional level. TPO is
primarily synthesized in the liver and to a lesser extent the kidneys and subsequently
released into the circulatiofFigure 1.5)(79). Analysis of TPO levels relative to
platelet mass revealed an inverse relationship between th€08H. The
stimulatory effect of TPO rich serum from thrombocytopenic animals on
megakaryopoiesis was eliminated after addition of platelets or soluBlg8d),

suggesting thaIPL expressed on platelets was a likely candidate for sequestering

13
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Figure 1.5 Regulation of thrombopoietin

Thrombopoietin TPO) synthesis(green arrows) is both constitutive and inducib@onstitutive
synthesis occurs primarily by the liver and to a lesser degree by the kidiveler physiological
stress, such as thrombocytopenia or inflammation, TPO synthesis is inducedliverttend bone
marrow stromaAdditionally, binding of desialylated platelets to hepatic Ashwédirell receptors is
also thought to induce TPO synthesis in the liVEPO acts primarily in the bone marrow (bl
arrow), where receptor(MPLbpearing cells bid and utilise the cytokindJptake of TPO by platelet
and megakaryocytes regulates levels of circulating TPO (red arAdMsiviations: BMiT bone
marrow; HSCT1 haematopoietic stem cell; BV blood vessel;, EC endothelial cell; MK
megakaryocyte.
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circulating TPO. This mechanism for TPO clearanse ik nown as t he
t h e andywas furthesupported by the observation thapl” mice have elevated
TPO levels despite normal levels of TPO mRN@. Similarly, in patients with
congenital amegakaryocytic thrombocytopeni@AMT) resulting from non
functional MPL, there are increased concentrations of circulafiR§)(82).
Additionally, transfusion ofVT platelets intoMpl” mice was able to reduce plasma
TPO levels throgh binding, internalization and degradation of the cytql&8e
Although some studie®und no change in TPO mRNA levels in kidneys and livers
of thrombocytopenic mi¢é5,83), McCarty and colleagues detected increased TPO
MRNA in marrow and spleens of thrombocytopenic mice by -sprantitativeRT-
PCR®84), suggesting that TPO can be regulated transcriptionally in response to
platelet demand within these tissuéslditionally, expression can be regulated by
the inflammatoy mediator interleukirt6 (IL-6). Increges in Il-:6 induce
upregulation of hepatic TPO mRNA bathvitro andin vivo(85).

Conversely, numerous studies suggest megakaryocyte mass rather than platelet mass
is responsible for TPO clearance. It is difficult to distinguish the role of platelets
versus megakaryocytes in TPO clearance as megakaryocyte mass directly correlates
with platelet mass. However, this theory is predominantly based on two disorders,
immune thrombocytopenic pupura (ITP) and myelodyplastic syndrome (MDS),
whereby megakaryopoiesis is maintained but platelets are prematurely cleared by the
immune system or produch of platelets is dysfunctional, respectively. Despite
normal numbers of megakaryocytes in the marrow, patients with ITP had relatively
normal TPO level86-88). Similarly, in patients with MDS, plasma TPO levels were
similar to realthy control patien{88). Since TPO levels in these patients are not as
high as those observed with aplastic anemia (AA) despite similar platelet teigls,

supports the role of megakaryocytes in the clearance of plasma TPO.

A recent study suggests binding of desialyated platelets to the Adtiomll
receptor (AMR) as the key regulator of TPO produdBSnh Platelets become
desialylated over time and are subsequently removed by the AMR. In auliad
functional AMR @Asgr2"), they reported increased platelet count, volume and half

life with a larger proportion of mature platelets consistent with lack of clearance by
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the AMR(89). Additionally, hepatic TPO mMRNA was decreased by approximately
45% inAsgr2’” mice suggesting that the AMR is nmtly necessary for clearance of
desialylated platelets but also plays a role in upregulaliR® expressio(89).
Specifically, platelet uptake by the AMR results in increakatls kinase 2JAK?2)

and Signal Transducer and Activator of TranscriptiBn(STAT3) activation in
hepatocytesn vivo and results in increased TPO mRNA expressiowitro(89).
However, induced immune thrombocytopenia was able to increase plasma TPO
levels but not increase TPO mRNA levels WAT and Asgr2”~ mice(89), thereby
suggesting that although the AMR may play a role in TPO production, there are

additional mechanisms regulating levels of circulating TPO.
1.2.6.2 Thrombopoietin and megakaryopoiesis

Several lines of evidence suggested a role for MPL in megakaryopoiesis, firstly,
reduction in MPL expressionin CD34" cells through use of antisense
oligonucleotides to MPL resulted in decreasedvitro megakaryocytic coloy
formation (CFUMK) without affecting other haematopoietic linea@&%s.
Additionally, expression of MPL is highly enriched in platelets and
megakaryocyt€57,90). The cloring of TPO provided a crucial element in the study

of megakaryopoiesis. When TPO was cloned it was shown that TPO was able to
drive megakaryocyte expansion and maturation bothvitro and in vivo(61).
Injection of recombinant TPOiIn vivo induces a significant increase in
platelet$60,91) resulting from stimulation of megakaryopoid6is91).
Additionally, TPO works synergistically with interleuk (IL-3) and stem cell
factor (SCF) to support CFWMK formation61). Importantly, lack of TPO
completely prevents CFMK maturation, demonstrating that TPO is the primary
regulator of megakaryocyte development and expa(@@nHowever, its role in
thrombopoiesis is less defined. Culture of megakaryocytes in TPO promotes
demarcation of the membrane, indicative of platelet formg@Rn However,
CD34" progenitor cells are able to produce platelets in the absence of TPO when
cultured in IL-:3, IL-6 and SCER3). Additionally, mice deficientn TPO or MPL
(Tpo” or Mpl™) are still capable of producing a low level of platgg$s78) which
suggests additional pathways exist to compensate in the absence of TPO signalling.

16
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1.2.6.3 Thrombopoietin and haematopoietic steefis

The ability of MPLV to induce proliferation of multiple haematopoietic linedd&s
alluded to a possible role for MPL in HSCs. Furthermore, in addition to expression
on megakaryocytes, MPL is expressed on CD@bgenitor cell§s7). Culture of
LT-HSCs in TPO, IE3, IL-6 and SCF increased proliferation significantly compared

to culture in IL-3, IL-6 and SCI4). However, culture in TPO alone was unable to
recapitulate this proliferative effect, although it was able to support survival of these
cellg94). In ST-HSCs, culture in TPO was sufficient to induce CMK (94). These

data suggest that TPO is capable of promoting HSC survival and promoting
megakaryopoiesis. As mentioned previously, additional insights into the role of TPO
and MPL in haematopoiesis came from generatiodmf” and Tpo” mice. InMpl™”-

mice, the number of haematopoietic progenitor cells is greatly re@eth BM
transplantation studies, the repopulation capacity of HSCs lacking MPL was reduced
sevenfold(96). In another studyWT HSCs were transplanted infipo’™ or WT

mice; HSC expansion was reduced-2l5fold when transplanted intdpo’” mice
compared toNT(97). The importance of MPL in HSC maintenance is highlighted in
patients that harboumutations in MPL resulting in CAMT; although patients
initially present with thrombocytopenia, the disease progresses to complete bone
marrow failure, presumably due to exhaustion of the stem cell pool, necessitating a
bone marrow transplaf@2,98). These data support a significanterdbr TPO and

MPL in HSC biology.

1.3  Thrombopoietin Signalling

Cytokines binding to their cognate receptors induce phosphorylation of the receptors
themselves in addition to downstream signalling taf§6fs Receptor tyrosine
phosphorylation is a critical step in growth faeoduced sigal transductio(100)

as evidenced by experiments demonstrating that tyrosine kinase inhibition reduces
cytokineinduced growtfil01) whereas inhibition of phosphatases sustains
proliferation of cells in the absence of cytokih@?. Regulation of signal
transduction is necessary for normal cellular function while unregulated activation
can lead to disease. Consequently, it is important to develop a clear understénding o
cytokine induced signalling cascades and the regulators in place for dissolution of

these signals.
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1.3.1 TPO-mediated signal transduction

Like other members of the type | cytokine receptor family, the cytoplasmic domain
of MPL lacks intrinsic kinase activitigut transduces a signal through recruitment of
JAK2 to the conserved box1l and box2 domains of the re¢@p8r Upon TPO
binding, MPL monomers at the cell surface homodimerize and undargo
conformational change allowing the closer juxtaposition of bound JAK2 proteins,
resulting in transautophosphorylation of the JAK2504-108). Phosphorylated
JAK2 can then, in turn, phosphorylate tyrosine residues within the cytoplasmic
domain of MPL in additio to signal transduction proteins including those of the
JAK-STAT pathway, the mitogeactivated protein kinase (MAPK) pathway,
photidylinositot3-kinase (PI3K) and protein kinase C (PKEyure 1.6)(3,109

112).

1.3.1.1 MPL cytoplasmic domain

There are 5 tyrosine residues located within the cytoptadormhain of MPL Figure

1.4) of which, 2 (Y625 and Y630 also termed Y112 and Y117, respectively when
labeled based on intracellular residues) have been shown to amdergphorylation

in response to TP@). Tyrosine 625 is essential for TPO dieted proliferation and

is phosphorylated in response to TPO stimulgBpnPhosphorylatio of Y625 is
necessary for activation of downstream signal transduction proteins, including
PhosphatidylinositeB,4,5trisphosphate  fphosphatase 1 (SHIP1), SHGC
transforming protein (Shqg, STAT3, GRB2-associatedinding protein 1 and 2
(Gab1/2 and Tyrosineprotein phosphatase noaceptor type 11SHR2, PTPN11)
resulting in downstream activation of the PI3K and MAPK path&¥$0113).
Using receptor truncations, Drachmeial(3) demonstrated that MPL, SHIP, Shc,
STAT3, STATS5 and JAK2 were all phosphorylated in response to TPO stimulation.
Phosphorylation state of these proteins was unaltereal tpocation just upstream

of Y630; however, further truncation removing Y625 resulted in abolished MPL,
SHIP, Shc and STAT3 phosphorylation suggesting a major role of Y625 in TPO
dependent phosphorylation of these proteins. This study also showed thadlrem

the site via a tyrosine to phenylalanine point mutatio626F), severely impairs
signalling and growth in response to TEB). Multiple studies also showed that
Gabl/2 is phosphorylated in response to TPO followeslibgequent activation of
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Figure 1.6 Thrombopoietin signalling

TPO binding to MPL results in activation of associated JAK2 molecules. Activated <
phosphorylates distal MPL tyrosine residues; when these tyrosines are phosphorylated (P), th
as docking sites for downstream signalling molecalas result in actiation of the PI3K and MAPK
pathways. Additionally, activated JAK2s phosphorylate STAT3 and STATS5 resulting in dimer:
and translocation of these molecules into the nucleus where gene transcription is ir
Subsequently, negative regulators sucts@cS proteins, LYN, LNK and CBL are activated whi
turn of TPO signalling.
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the PI3K pathway, this activation was also dependent on Y625 of(MBLand
regulated by SHR as shown by overexpression of a dominant negative form of
SHR2(111). Additionally, Rojnukarinet al(110) demonstrated that TR@duced
extracellularsignatregulated kinasel/2 (ERK1/2 phogphorylation was also
dependent on the 10 carbdxtgrminal residues of MPL, this was later shown in a
different cell type to be Y625 depend@id). Additionally, Y630 is al®
phosphorylated in response toPO and like Y625 is involved in MPL
phosphorylation and STAT3 activati@). There are 3 additional tyrosine residues
found in the cytoplasmic domain of MPL: Y521, Y542 and Y591 (also termed Y8,
Y29 and Y78, respectively based on the intracellular numbering of residues). These
residues were not found to be phiosgylated in response to TPO in early stu8gs
Mutation of Y521 and Y542 to phenylalanime a receptor missing the distal 3
tyrosine residues was unable to alter proliferation in response t(3);POwever, it

was possible these residues play a role in BR@allingindependent of sustaining
proliferation. This was fouh to be the case with Y521, which is involved in
targeting of MPL for lysosomal degradati@h Conversely, cells expressingutant

MPL with a deletion encompassing Y§215) or a Y591F mutatiof3) exhibited an
increased proliferative effect compared to cells expressing receptors with intact
Y591, suggesting the location of a negative regulatory region within the cytoplasmic
tail of MPL. It was also determined that the region encompassing Y591 is
dispensable for proliferation yet necessary for differentigtib®. In Y591F mutant
expressing cells, stimulation with TPO increag&dtein kinase BAkt, PKB) and
ERK1/2signallingrelative to WT1) further supporting Y591 as a negative regulator
of TPOsignalling The role of Y591 extends even further as it also mediates MPL
internalizatiorfl). More recently, Pecquet al(116) reported Y591 phosphorylation

in a constitutively active MPL W515L receptor, meriting-amalysis of the
phosphorylation state of Y591 in a WTceptor utilizing more sensitive detection
methods.

1.3.2 Negative regulation of TPO signalling

Negative regulation offPO-mediated signalling is controlled by a number of
proteins, including protein phosphatases, suppressors of cytokine sig(a{iy)

proteins, src family kinaseSH2B adapter protein @NK), Tyrosineprotein kinase
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Lyn (LYN)) and Focal Adhesion Kinas¢FAK)(Figure 1.6)(117-119). SOCS3 is
upregulated in response to TEQ7) and provides a negative feedback mechanism

in the control of TPO signalli{@20). Interferonalpha (IFNU ) I's able to
megakaryopoiesis in primary cells and reduce proliferation of JdRiressing cells
cultured in TPO, an effect postulated to result from -[Fiduction of SOCS1
which in turn inhibits TPO signalli@17). In megakaryocytes isolated frdnk null

mice, Akt, STAT3, STAT5 and ERK1/2 phosphorylation in response to TPO was
increased compared to WT c€ll$8. Similarly, megakaryocytes isolated frdgm

null mice exhibited increased Akt and MAPK activation but reduced SHIP1
phosphorylation following TPO stimulati@hil9. Furthermore, in FAKnull
megakaryocytes, Lyn kinase activity was reducand similar tolyn null
megakaryocytes, ERK1/2 and Akt phosphorylation was increased suggesting FAK as
an upstream regulator of Lyn in the regulation of TPO signdllat). Additionally,

in Ink and lyn null mice and in mice withFak null megakaryocytes, there was a
marked increase in the number of megakaryocytespdsimating that these proteins
function to suppress TPO mediated signalling necessary for megakaryopoiesis.
However, the region of MPL necessary for each of these proteins to inhibit TPO
signalling has yet to be determined. Additional negative regulatmmyral occurs
through receptor internalization via clathdependent endocytosis dependent and
E3 ubiquitin protein ligase asitas Blineage |ymphomdCbl)-mediated
ubiquitination and degradation through the proteasome in addition to degradation by
lysosomal pathway$,122), which have been attributed to Y591 and Y521,
respectively. We and others have reported an increased proliferative capacity
response to FO stimulation in cells lacking %91, supporting the role of ¥91as a
negative regulator of HO-mediated proliferatiofi,3). Aberrant positive signalling
results in cellular hyperproliferation leading to development of haematological
malignancie€l23-125). Therefore, a thorough understanding of the regulation of
TPO-mediated signalling is important for protection against uncontrolled cellular

proliferation.
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1.4  Myeloid Malignancies

Myeloid malignancies (MM) are a group of clonal diseases of HSC origvis M
includeacute myeloid leukaemia (AML), myeloproliferative neoplasms (MPN) and
myelodysplastic syndromes (MDSjigure1.7). AML is characterised bgxcessive
proliferation of myeloid blast cells withithe BM resulting in disruption of normal
haematopoiesigReviewedin (126)) andis the second most prevalent leukaemia in
the United Kingdom (UK)laematological malignancy research netw@iiRN),
www.hmrn.org. MDS are characterised bineffective haematopoiesislue to
improper maturation of myeloid progenitegsulting in cytopaeniafReviewed in
(127)). Whereas AML and MDS are characterised by overproduction of immature
cells, MPNs arecharacterised by overproduction miature myeloid celld28). Of

the three, prevalence of MPNs is highest in the UWWMRN) and wth MDS and
MPNs can both progress to AMLDespite increased molecular insight into these
diseasespverlapping clinical features makes exdeissificationdifficult resulting in
overlapping classifications such as MDS/MRRNgure 1.7) (Reviewed in(129)).
Further studies are necessary to better understand and characterise these disorders.

1.5  Myeloproliferative Neoplasms

I n 1951, Wi lliam Dameshek coineds the
(MPDs)q128). Dameshekrecognized thahypeiproliferation of bone marrow cells,
specifically erythroblasts, granulocytes ameggakaryocytes wergtena concurrent

event Due to the similarities and overlapping clinical features of some
myeloproliferative syndromes.ehgrouped together chronic myelogenous leukemia
(CML), polycythemia vea (PV), primary myelofibrosis (PMF) andessential
thrombocythemia (ET), speculating that they shared a conualtumar origin that

was being oversti mul at e dTheclpnalanatennfteeseo st i m
disorders was confirmedn female PV paénts using Xlinked chromosomal
inactivation patterns (XCIR}30). The nomenclature of MPDs was changed
myeloproliferative neoplasms (MPNsh the 2008 World HealthOrgainzation
(WHO) re-classification othhaematological malignanci@9(Figurel.7). However,

the classification of MPNs still largely resembles that which Dameshek desuribed
1951.
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Figure 1.7 2008 WHO Classification of Myeloid Malignancies

Myeloid malignancies are grouped into five major categories shown in blue: Acute m
leukaemia (AML), myeloproliferative neoplasrass (MPNeos), myeloproliferative neoplasn
(MPN), myelodysplastic/myeloproliferative neoplasms (MDS/MPN) and myelodstéplsyndrome
(MDS). Subcategories are listed in pislad common mutations associated with each diseas

listed in yellow.
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In 1960, Nowell and Hungerford described a chromosomal abnormality in several
cases of CMI131), which was later termed the Philadelphia (Ph) chromosome. The
observed cytogenetic abnormality was determined to have resulted from a
translocation between the long arm of chromosomes 22 and 9
(t(9;22)(q3;911)(132) resulting in a breakpoint cluster region and Abelson murine
leukaemia viral oncogene homologBGRABLL) fusion gen€l33. TheBCRABL1

gene encodes an active tyrosine kijd34 and its expression is sufficient for
induction of CMLin vivo(135). The Ph chromosomaasthe first cytogenetic factor
identified inhaematological malignancieshis discovery led to further classification

of the classical MPNs inttwo distinct classes: Phositive MPNs which consists o
CML andPhnegativeMPNswhich is comprised aPV, ET and PMF.

1.5.1 Ph-positive MPNs
1.5.1.1 Chronic Myelogenous Leukaemia (CML)

CML accounts for approximately 1.5% of all haematological malignancies in the UK
with a median diagnosis occurring at approximatelyyBfrs of age and a\ear
survival rate of 87.1%HMRN). The diseases typically characterised bincreased
cells of the granulocytic lineage including blasts in both the PB and BM (Reviewed
in (136 and (137)). Symptoms associated with CML include fatigue, weight loss,
night sweats and abdominal discomfort resulting from splenom@ga&y however,
between20% to 40% of patients are diagnosed without presentation of any
symptom$138). CML can undergo acute transformation resulting in ALVE9,140),

the transformation rate has been reported at approximatelyla&Presence of

the Ph chromsome is a hallmark of CMIL29) andit is present in 99% of all CML
paienty142).

1.5.2 Ph-negative MPNs

Phnegative MPNs include PV, ET and PMF. TogethernBbative MPNs account

for approximately 8.7% of total haematological malignancies in the Algund

3,200 new cases are diagnosed each year in the UK (HMBRNilar to CML, these
MPNs predominantly affect the elderly population with the median age at diagnosis

being approximately 72 year$iRN). Symptoms associated witRh-negative
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MPNs include fatigue, concentration problems, early satiety, inactivity, night sweats,

itching, abdormal discomfort, bone pain, weight loss and fétéB).
1.5.2.1 Polycythaemia Vera (PV)

PV is characterised bgn increase in red cell volumieaemoglobin, haematocrit and
blood viscosityresulting from hyperproliferation of the erythroid lineé28). Its
annual incidence is 2.8 cases per 100,000 people pdigdaiThe Syear survival

rate is high at approximately 93%HNRN). The most common clinical
complicatiors associated with PVare increased risk of arterial and venous
thrombosig145), with thrombosis atclinical presentation reporteth 13-60% of
patient$146). Although less common, PV patients are also at risk for haemorrhagic
events Risk of ransformation to myelofibrosis or AML occurs at a raté6% and

7%, respectively at 83 year$147). Thrombosis is the major cause of mortalityPV
patient$147,148).

1.5.2.2 Essential Thrombocytdemia (ET)

ET is charactesed by a sustained increase in platelet count resulting from
proliferation of cells within the megakaryocytic lineagée annual incidence of ET
hasbeen reported at 1.5 cases per 100,000 people pdil4dawith the Syear
survival rate @ approximately 93% HMRN). Similar to patients with PVET
patients aralsoat risk of both thrombotic and haemorrhagic evamts hrombosis

at clinical presentationwas reportedin 11-51% of patientswhereas bleeding
accounts for 0.3%f eventger yea(146). Despite the low percentage, haemorrhagic
events account for approximately 4% ofthes of ET patien{§46). The incidence

of haemorrhagic events is associated with exthemgh platelet coun{d46), which

is typically attributed to platelet sequestration vain Willebrand factor (VWF);
although recentevidencesuggest that endothelial cellmnayalsoplay arole inthese
haemorrhagicomplication$149). Therisk of progression tanyelofibrosis orAML

is 4% and 2%, respectively at 15 ygavs7,150).

1.5.2.3 Primary Myelofibrosis (PMF)

PMF is characterised by multilineage expansion of the myeloid lineage which is

accompanied by BM fibrogj$51). The annual incidence of PMF has been reported
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at 0.4 cases per 100,000 people per (y&dj. The Syear survival rate is 43%
(HMRN). Symptomsinclude pancytopenia, bleeding and infection resulting from
progressivebone marrow failureand pan, weight loss and sweating due to marked
splenomegalyesulting from extramedullary haematopoi€ssy). PMF is dfficult

to diagnose due to broad symptoarsd varying évels of multilineage expansipn
additionaly, depending on the stagef the diseaseperipheral bloodcounts
chang€l137). Although all MPNsare capable to transformatiom AML, the risk is
highest in PMFwith approximately 25% of patients developing AMB7). PMF
has the worst outcome with morality due to infections or haemorreaging from

bone marrow failur@ 37).
1.6 JAK2in MPN pathogenesis

Identification of the Ph chromosome in CML prompted a search a similar
cytogenetic cause for other haematatagimalignanciesin early studies oPV, ET

and PMF patients, mutations BEPORand MPL could not be identified, suggesting

that the cause of cytokine hypersensitivity in these diseases was due to an effector
downstream of these receptd’2). In 2005 several groups idefigid the JAK2/1'F
mutation in most patients with Pahd approximately half of patients with ET and
PMF. Subsequently, additional mutations in exon 12JAK2 were identified in
patients with PV and idiopathic erythrocytq4is3). These discoveris identified
mutations in JAK2 as the main genetic lesions ofnBative MPNs providing
significantinsight into the molecular pathogenesistedse diseases.

1.6.1 JAK-STAT signalling

Hematopoietic cytokine receptor signalling is largely dependent on theSTAR
signalling axis (Reviewed ifiL54)). Cytokine receptors lack intrinsic kinase adfivi
and often rely on JAKs for signal transduction (Reviewe(lLb")). There are four
memlers of the JAK family: JAK1, JAK2, JAK3 artgirosine kinase Z2I(YK2). The
JAK family of proteins is composed of four functional domairgre 1.8), the 4
point, ezrin, radixin, moesin (FERM) domain, a SRC homology 2 ($ik2)Jdomain
and two JAK homology (JH) domains.
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Both JH domains, JH1 and JH2, share high homology with tyrosiasdéidomains;
however, only JH1 hawas initially believedto harbour catalytic kinase activity.
JAK2 catalytic activity isstimulatedupon phosphagylation of Tyr1007 within the
activationloop(155). Regulation of kinase activity is an intrinsic property whereby
the JH2 domain, also termed the pseudokinase domain, regulatésae &ctivity

It was thought that this was occurrinprough interactionof the pseudokinase
domain with the kinase doma{h56157). Additional JAK2 regulation involves
phosphorylation at Tyr570 which inhibits JAK2pendent signallif@58). Recent
evidence suggests that the pseudokinase domain does, in fact, possess kinase activity
and negatively regulates catalytic activiey JAK2 through phosphorylation of
negative regulatory sites, Tyr570 and Se(389). The crystal structure ohé JH2
domain revealed that JH2 domahosphorylates Ser523 ois whereas Tyr570 is
phosphorylated inrang160). Phosphorylation at these sites is JAK2 specific and
possibly acts as an additional inhibitory regulélt6€). Disrugion of the
pseudokinase domain results imcreased basal JAK2 activis9) and cytokine
independent activation of STA{lH6). The Src Homology 2SH2)-like domain of
JAKs was predicted through computational mode(ll6d,162) and functional
assays with JAK3 show that this domain is capable of association with
phosphorylated tyrosine residij#62). However, functional studies with A
utilizing a common loss of function mutation within the SH2 domain did not affect
cell surface localization at the plasma membrangigralling163). The Nterminal
FERM domain is necessary for receptor associakaperiments utilizing Isortened
fragmentsof JAK FERM domainsconsisting ofonly the JH6 and JH#egions
showed that these fragments are sufficient for receptor iaieo(l64165).
Additionally, it was shown thathe JAK2 FERM domain acts as a chaperone
promoting EPOR cell surface expressiaich is accomplished in the absence of an
active kinase domafth66). Moreover, theJAK FERM domainsare responsible for
receptor specificitfi67). Mutation of conserved hydrophobic resides within the
FERM domain, Y107 of JAKIL68), L98, 1102 and clinically relevant mutation of
Y100 of JAKJ169) disrupt association ih cytokine receptors utilizing gp130 and
IL-2 Ro, r e s these datavderhoystrate the biological function of the N
terminal domain of JAK which is independent of kinase activity.
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Figure 1.8 Functional domains of JAK2 protein

Diagram depicting the seven Janus homology (JH) domains of JAK2. JH1 istémmi@al kinase
domain and possess catalytic tyrosine kinase activiti2 is the pseudokinase domain which
responsible for regulating catalytic activity. JH3 and JH4 comprise the SRC homology -2i{&H
domain; its function is not fully understood. JH6 and JH7 comprise-gw, ezrin, radixin, moesit
(FERM) domain which facilitates association with cytakireceptors.
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Different JAKs preferentially activate different cytokine receptor compleixigsi(e
1.9), the specificity arising from differences in JAK FERM doméliss).
Homodimeric receptors such as EPOR, GHR, MPL, PRLR m@nujocyte
macrophage colongtimulating factorreceptor (GMCSFR) preferentially activate
JAK2. Whereas heterodimeric and hetgroeric receptors can activate different

JAKs depending on the receptor subunits (Reviewgtl 7).

Cytokine binding to their respective receptors results in receptor aggregation or in
the case of préormed dimers, a conformational change that results in JAK tyrosine
phosphorylation and subsequent activation. The activated kinase can then in turn
phosphorylate tyrosine residues within the cytoplasmic tail of the receptor in
addition to downstream STATs. &phorylated STATs are able to dimerize and
translocate to the nuclease where they activate gene transcripigure 1.6)
(Reviewed in(154,170,171)).

1.6.2 Negative regulation of JAK2 signalling

As with any signalling cascade, tight regulation is necessary to prevent aberrant
signalling and deregulated proliferation which could result in development of
disease.JAK2 signalling is controlled by a number of regulatory mechanisms
including kinase indovation, ubiquitination and inhibition of downstream signal

transducers.

Inactivation of JAK2 kinase activity is accomplished through interactions of the
kinase domain with the pseudokinase domain. The inhibition is thought to occur
throughphosphorylabn of specific inhibitoryresidues Ser523 and Try570, within

the pseudokinase domaiRhosphorylation at these sites is accomplished through
bothcis (Ser523) andrans (Tyr570) phosphorylationmportantly, JAK2 is the only

JAK that utilizeshomodimericcytokine receptorswhich assures presence of a
second JAK2 molecule tacilitate the trans phosphorylatio(1.60). Phosphorylation

at these sites prevents activation of theake; however, once the kinase is activated
there are a number of proteins involved in suppressing the signalling cascade
includingphosphotryosinphosphatases (PTP), SO&& LNK.
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Type | receptors Type |l receptors
Shared common Shared gp130 Shared common Homodimeric cytokine Interferon
v chain subunit subunit f chain subunit receptors receptors
IL-2R, IL-4R, IL-7R, IL-6R, IL-11R IL-3R, IL-5R, EPOR, MPL, IFNa, IFNB, IFNy,
IL-9R, IL-15R, IL-21R GMCSFR GCSFR, IL-10R, IL-19R, IL-20R,
GHR, PRLR IL-22R, IL-24R, IL-28R,
IL-29R
JAK1, JAK2, JAK1, JAK2,
JAK1, JAKS, TYK2 JAK2 JAK2 TYK2

Figure 1.9 Cytokine receptor differential JAK activation

The JAK family of kinases differentially associate with cytokine receptors and are activatec
cytokine binding to receptors. This schematic shows the different families and subgroups of ¢
receptos and their associated JAKSs. iLinterleukin; GMCSFRi granulocytemacrophage colon)
stimulating factor receptor; EPORerythropoietin receptor; MPL thrombopoietin receptor; GCSF
i granulocyte colony stimulating factor; GHR growth hormone recep®ERA prolactin receptor;
IFN T interferon.
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A PTP involved in regulation isSrc homology region 2 domatontaining
phosphatasé (SHR1). SHR1 associates with either the receptor or to JAK2 itself
and dephosphorylates the activatpbteingl72) thereby disruptingsignalling
SOCS proteins are part of a negative feedback loop that inhibitsSIAR
signalling. SOCS proteins are transcriptionally regulated by STATs and function by
binding to either activated receptors or JAK2 proteins to turn off the pathvi@y
Specifically, SOCS3 binds directly to JAK2 and the receptor and occludes the
substratebinding groove of JAK2 effectively inhibiting the king$&3). The adaptor
protein, LNK, is a negative regulator of cytokine signalling regulating signal
transduction downstream of 48, SCF, TPO, EPOplateletderived growth factor
(PDGH and tumour necrosis factorTNF)(174). Specifically, LNK attenuates
signalling dowstream of TPO and EPO through interaction and attenuation of JAK2
activity resulting in decreased STAT3, STAT5, Akt and MAPK
signalling118174,175).

Removal of JAK2 associated receptors from the cell surface and targeting of them
for recycling or degradation is another mechanism of control. This is accomplished
through ubiquitination of receptor§&pecifically, for MPL, ubiquitination of the
receptor acurs after cytokinénduced activation at two intracellular lysine residues,
MPL"**® and MPL*"3(122). Ubiquitination results in receptor internalization and
degradation through both the lysosomal and proteosoathivay$122), effectively

preventing additional signal transduction.

Immediately downstream of JAK2 in the canonical signalling cascade is the
activation of STAT proteins. Inactivation of these signal transdweidiralso inhibit
JAK2 signal transductionA family of proteins known as protein inhibitor of
activated STAT protein (PIAS) inhibit STAT signalling by binding to activated
STAT dimers and inhibiting their association with DNfor induction of
transcripton(172) thereby terminating addinal downstream activation
PIAS1(176) and PIASY177) both inhibit STAT1 whereas PIAS3 inhibi STAT3
signalling178).
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1.6.3 The JAK2V%*"F mutation

Given its role in signal transduction of multiple haematopoietic cytokine receptors,
JAK2 was a promising candidatas a molecular driver for MPNsndeed,
sequencing oJAK2 from granulocytes oMPN patients in three independent studies
identified asingle G to T nucleotide transition in exon 14J#&K2, resulting in a Val

to Phe substitution at amino acid residue 617 located in the pseudokinase
domairn(179-181). The mutation was absent in control patients and-gells from
patients with JAK2"**"F-positive peripherablood granulocytes revealed that the
mutation was MPN specific and that it was an acquired mufa@@h The
JAK2®YF mutationwas detectedn 98% of patientswith PV and approximately
50% of patients with ET and PME79-181). Although thre JAK2'®*"F mutation
predominates in classic flegativeMPNSs, it can also be detected in approximately
5% of patients with CML, MDS or denovo AM152). In agreement with its

2/617F mutation was detected

characterisation as a clonal stem cell disorder JAK
in haematopoietiprogenitor§179) in addition to the CD34£D38CD90'Lin" subset

of HSC¥182).

Presence of thaAK2"°*"F mutation in only half of patients with ET and PMF attest

to the leterogeneity of these diseases. Although identification of this mutation has
profoundly increased the precise categorisation of these diseases based on molecular
pathogenesis, questions still remain regarding how a single point mutation can result
in threedifferent clinical pathologies in addition to the molecular basis of disease in
JAK2%Y"Fnegative MPN patients.

1.6.3.1 One mutation, threphenotypes

Although identification of theJAK2®'F mutation significantly increased our
understanding of the molecular pathogenesis eh&jative MPNSs, it is still not
completely understood. One central question that remains unanswered is how a
single mutation yields three distinct clinical phenotypelseré are a number of
hypotheses that have been explored to try and answer this outstanding question.
They include differences iIAK2®*F dosage,presence of additional somatic
mutations differences in the cell type where the mutation is acquired afedetfial

STAT signalling all of whichare discussed in this sectipriFigure1.10).
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1.6.3.1.1 Gene dosage

In this model, it is thought that the phenotypic variation observed between PV, ET
and PMF patients is a continuum that depends on level of mutant kinase present
within the cell. JAK2"°"F was detected in patients with PV, ET and PMF; however,
the mutation was found either in a homozygous or heterozygous state in these
patient§179. Homozygosity for JAK2"°*F is a consequence of a mitotic
recombination eve(it79-181), the rate ofwhich washighest in granulocyte DNA

from PV patients at 25% compared to 3% and 9% in ET and PMF, respaii@ly
Studies of individual myeloid progenitor colonies from PV and ET patients found
homozygousIAK2"**'F clones in almost all progenitors from PV patients but rarely

in ET patient§l83). Additionally, not only is homozygosity moreharacteristic of

PV, even within PVhigherlevels of JAK2"°*"F burden correlates with significantly
higher haemoglobin levels apdogression to myeldirosig184,185). Theseclinical

data support the idea of a phenotypic continuum dependent upon leMekaf’"
expressionand is further supported byAK2"°*’F mouse models. In models
generated through transplantation of retrovirally tranduced BM cai&2/1""
expression was superphysiological resulting in development oflikeV
phenotypel86-189). In later models wherbumanJAK2°*'F was expressed under

the control of the mousdak2 locus, the ratio of mutanttAK2 to WT Jak2 was
similar and this yielded an Elike phenotyp€l90). Tiedt and colleagues developed

a mouse model where copy number and consequently expression of human
JAK2%YF could be modulated through induction of recombination by diffeGeat

V617F
26

recombinases. They showed that lower levelsJAK expression corrated

with an ETlike phenotype whereas high expression resulted if1®Y.Taken

V617F
2

together, these data strongly support thaK expressiorlevelsplay a role in

determining MPN phengpe.

1.6.3.1.2 Host genetic variations

Another theory in the explanation of varying phenotypes resulting fake’®*’F
expression is the idea that genetic variations predispose patients to development of a
particular MPN phenotype. In experiments utilizidgK2®*"" mouse models,
expression ofJAK2®'’F in C57BI/6 mice resulted in trilineage hyperplasia and
splenomegaly characteristmf PV whereas Balb/C miceesieloped PV but also

marked leukcytosi§186189. These results sugget#itat the genetic variations
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between C56BI/6 and Balb/C mice caused the varying phenoflpesnfluence of

host genetic variations has been tested in patients. Single nucleotide polymorphisms
(SNP) for four candidate genassociated with JAKSTAT signalling: EPOR, MPL,
granulocyte colomstimulating factor receptor (GCSFR) and JAK2 identified
correlations between SNPs AK2 and EPOR and development of R¥92)
suggesve of at a least a partial rolef genetic background on MPN phenotype

although no definitive link has been determined.

1.6.3.1.3 Acquisition of JAKZ*'"Fin different cell types

Phnegative MPNs are clonal disord@r@3) and their penotypesare characterised
based on the specific haematopoietic lineades are beingoverproducedlt is
thought that MPN phenotype is dependent on the cell in whichiAe2®'F
mutation is acquired.Different cells have varying capacities for lineage
differentiation so it is possible acquisition of JAK2®*F in cells capable of
differertiation down only the megakaryocytic linealgadsto development of ET
whereas acquisition in eell capable of megakaryocytic, erythroid and granulocytic
differentiation leadsto PV or PMFE One study foundJAK2"**"~positive cells in
granulocytic, erythwblastic, megakaryocytic and lymphoid lineages from PV and
PMF patientEl94) suggestive of acquisition in an early haematopoietic progenitor.
Additional consideations include differences even within the HSC compartment
which have been reported between PV and PMF patients, where the frequency of
JAK2® " positive HSCs is higher in PMF compared to(P35). However, due to

V617F
2

the difficulty in determining the specific cell where tBAK was acquired,

explicitly provingthis model would be difficult.

1.6.3.1.4 Differential STAT activation

Another theory to explaihow JAK2/617F

results in three distinct clinical phenotypes

is based on the fact that JAK2 can activate a number of different STATs and
proposes that differential activation of specific STATs drives a specific MPN
phenotype. A study analysing the expresspattern of phosphorylated STAT3 and
STATS found increased STAT3 and STATS phosphorylation in PV, an increase in
STAT3 but decrease in STATS phosphorylation was observed in ET and both
STAT3 and STATS phosphorylation was decreased in @BB. Additionally,

another studynalysing differences between clonadlgrivedJAK2VT and JAK2/617F
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CD34 cells found increased phosphorylated STATIAK2%*"F cells compared to
JAK2'T cells from the same ET patient; however, this was not observed in cells
from PV patientl97). Furthermore, modulation of STAT1 activation in
heterozygousJAK2"®'F ET cells was able to induce a Mile phenotypél97),
providing strong evidence that STAT1 activation has a role in determining MPN

phenotype.
1.6.4 JAK2 exon 12

Although98% of PVpatientsharbourthe JAK2"®*"F mutation, thereemainsa subset

of PV patients that ar@AK2"°*""negative. In this subset of patieni§K2 exon 12
mutations were identifiedadditionally, these mutations were not detectable in ET
patient$153). Four different mutationsn JAK2 exon 12 were identified in the
original study F537K539delinsL, H538QK539L, K539L and N54543de] all
located within a conserved regi@nedicted to liewithin the linker region between

the SH2 and pseudokinase domaidAK2153). The mutational frequency was low

in granulocyteDNA but prevalent inerythropoietin EPO-independent erythroid
colonie$153. Similar to JAK2®'F co-expression of each of th#AK2 exon 12
mutations witln EPORIn Ba/F3 cells was sufficient to induce cytokimelependent
proliferation and activation of dowitream signalling pathwa{ib3181).
Expressionof the most commorexon 12mutation, JAK2®%*" in vivo was able to
recapitulatean MPN in micél53). Identification of these mutations provides
additional evidence that the molecular pathogenesis of PV is highly dependent on
JAK2 as mutations are found in essentially all PV patients. This also provides an
additional level for diagnostic stratification whi may make it easier for

implementation of specific targeted therapies.
1.7  Additional Mutations Associated with MPNs

Although JAK2 is the predominant mutation in-Régative MPNSs, it is not present
in all MPN patients, specifically those with ET and PMFdaidnal mutations have
beenidentified anddescribed ilMPN patientssome of which are discussed below

36



Chapter 1

1.7.1 MPL

Activating mutationsn exon 10of MPL are found in the neoplastic cells ofl6%
of patients with ET or PM@24,125198). Although not commonMPL mutations
are not mutually exclusive fromAK2"%1"7(199). The most common mutation are
MPLW>*124) and MPLY***(125) but the MPL®>*®N200) mutation has also been
described.These mutations arsufficient to induce disease and afiscussed in

greaer detail inSection1.9.1
1.7.2 Calreticulin (CALR)

Recent identification of@natic mutations oéxon 9 of CALRin patients with ET
and PMK201,202 has not only provided important insight into the molecular
pathogenesis of these diseases but also serves as an additional progn(it).tool
Mutations inJAK2 and MPL account for approximately 50% and 10%, respectively
of mutations found in ET and PMF; within the subset of patients negative for both of
these genetic lesion€ALR mutations accounted for 67% of patients with ET and
88% of patients with PMR01). Additionally, CALR mutations are mutually
exclusive withJAK2 and MPL mutation$201,202); however, it was also found
mutated in other myeloid cancé62). The mutation is present in HSCs and
progenitor cells suggestive of an initiating mutai?).There are 2 typesf CALR
mutations, both resulting in frameshift mutations causing loss of the endoplasmic
reticulumretention motif (LysAsp-Glu-Leu [KDEL] amino acid sequence}he
type | CALR mutation is able to induce cytokine independent proliferaitiovitro
and utilises he JAK/STAT signalling axi01). Both ET and PMF patients with
CALR mutation presented with higher platelet counts but lowered wkltecounts
compared to patientsith mutantJAK2201,202). The CALRmutation also provides
an additional means forggnosticstratification with the CALRmutation correlating
with increased survival among PMF patients relativéAK2 or MPL mutations and
increased survival among ET patients relativeJ&K2 mutation$201), although
transformation to PMF was increag2d?. Unfortunately, 8.8% of patients,
predominantly with ET, are triple negative folAK2 MPL and CALR
mutation$201) suggesting the possibility of an additional yet unidentified
cytogenetidesion or other noigenetic factors

37



Chapter 1

173 TET2

In 2009, mutations itet methylcytosine dioxygenase(PET2 were identified ina

wide rangemyeloid malignancieincluding MPNswith 11% of JAK2°*"F* patients
harboring aTET2mutatior(203204). Analysis of progenitor cells frore JAK2/*¢7F
andTET2double mutanMPN patients foundhatall cells expressingAK2"%*"F also
possesse@ TET2 mutation, suggesting thatET2 mutations precedethe JAK2
mutatior{203); however this was later cillenged whersubsequenstudies showed
acquisition of TET2 mutations following acquisition aJAK2"*1"7(205). Additional
studies are needed to further elucidate the correlation between TET2 mutations and
MPNs.

1.8 Treatments for MPNs

MPNs are aheterogeneougroup of disorders with varying symptom profiles and
clinical needsmaking the choice of therapy diffic(d43. A number of molecular
insights have improved the understanding of the molecular pathogenesis allowing for
more precise diagnosis and development of targeted ther@ipier® are currently a

few categaes of available treatments for MPNs including cytoreductive therapies,
allogeneic stem cell transplantation and targeted therapies, namely imatinib and

ruxolitinib, which are discussed below.
1.8.1 Imatinib

Imatinib  (STI571  (4-[(4-methy}t1-piperazinyl)methyN-[4-methy}3-[[4-(3-
pyridinyl)-2-pyrimidinyllamino]phenyl]lbenzamide methanesulfonats a small
molecuk tyrosinekinase inhibitor marketedy Novartisas Glivec and Gleevec in
the UK and United States (B9, respectiely used specifically in for the treatment
of CML(206). It is the most successful drug for targeted MPN theesaqp/the gold
standard for treatmeémf CML; however,its efficacy is restricted to CMUmatinib

is able to inhibithe BCRABLL1 tyrosine kinase through competitive inhibition at its
ATP-binding site, preventing activation of the kinase and downstream signal
transductiof207). Treatment results inytogenetic remission iapproximately 90%
of all CML patient$208 with low levels oftoxicity reporteq209. Additionally,
molecular remission is also achieved with low or undetectable lev&8€BABL1

transcripts detected in imatinib treated patients in cytogenic rem(i%@n
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However, despite the efficacy of the drug, acquired mutations within the kinase

domain result in resistance to imatinib treatm&wsviewed in(211).
1.8.2 Allogeneicstem cell transplant

Allogenic stem cell transplants are currently the only curative option for PMF.
However, the pycedure is highisk for patients with the possibility of graft failure,

graft versus host disease and toxicity resulting from treatment. Additional factors
such as the state of disease progression, availability of a suitable donor and age of
the patientlso complicate the decision to implement treatmesgecially as8-year

overall survivalrate is approximately 50% with reports of life expectancy being
lower with than without treatment. Allogenic stem cell transplants are therefore

reserved for patientsith a life expectancy of less than 5 ye@Reviewed in(143).
1.8.3 Aspirin and cytoreductive therapy

Thrombotic complications are leading cause of morbidity and mortality in untreated
MPN patient§212); therefore many therapies aim to reduce these ev&stsidy by
Marchioli et al. reported a significantly lower rate of major thrombotic complications
and associated mortality when haematocotsless than 45%were maintained
compared to thoswith a haematocrit target of £0%(213).Currently, the most
common therapy for PV patients is a regimen of-tivge aspirin which reduces the
risk of vascular events without significantly increasing the incidencenajor
bleeding however its role in ET is less underst{bt3212). Aspirin regimens in PV
patients were initially reported to increase the incidence of gastrointestinal

bleeding214); however it was later recognized that thisas a result of improper
dosagé12?).

The aim of cytoreductive thapy is to reduce cancer cell burd@&hlebotomy is a
nondrug therapy aimed at reducing haematocrit in PV patients to levels that lower
the risk of thrombotic events48213). Surprisingly, phlebotomy alone resulted in
increased survival ampared to combinatorial therapies although there were
increased incidences of thrombotic complications resulting in mortality within the
first 2-4 year$148. In PV and ET patientshydroxycarbamide(HC), formerly

hyroxyurea, is the most common cytoreductivetreatment followed by
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anagrelidé215216. HC functions by inhibiting the biosynthesis of
deoxyribonucleotides from ribonucleotid2%7) preventing production of new csll

The mechanism of action of anagrelidect well described but has been shown to
inhibit megakaryocytic differentiatiqd18) and is a known phosphodiesterase
inhibitor(219. However, there are conflicting results regarding the advantadg¢S of
compared to anagrelide on decreasing thrombotic risk. One study reported
significantly increased vascular risk including thrombosis, haemorrhage and
transformation to MF on raanagrelide regime compared t4C(215 whereas
another study reported no significant difference in risk betwéss two
treatment®16). HC is also used for treatment of PMF, although it has only resulted
in modest clinical benefi820). Interferon(2 (IFN-U 2 Yherapy is another
successful regime in the treatment of MPNSs, inducing an approximate 80% response
in patient$221). However, its toxicity has led to discontinuation in approximately
20% of patient®21). A modified version of the drug,epgy | at ed -Rant er f e
(PEGIFN-U-2) is an emerging treatment for both Bd ET with 76% and 77% of

PV and ET patients, respectively exhibiting a haematological response to
treatment222). Notably, PEGIFN-U-2 hasalso been reported tinduce molecular
remission in 18% and 17% of PV and ET patients, respec{2®y However,
similar to other treatmer(®1l), acquired mutations reduce responsiveness to
therapy222). Use of anticancer drugs, pipobroman and busuléae reserved for

PV and ET patients intolerant toydroxycarbamideor anagrelide due to increased
leukemogenic potenti@ll43220,223).

1.8.4 Splenectomy

Patients with PMF can develop marked splenomegaly, therefore therapeutic
intervention includes splenectomy. It is typically reserf@dpatients with marked
splenomegalywhose splenomegaly is not responsive to drug ther@aids as
perioperative mortality ratesange from 7%l5%(225 and morbidity rates are
approximately 25%224). Additionally, splenectomy does not improve survival and

serves a more palliative r¢i25).
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1.8.5 Ruxolitinib

Given the large role JAK2 mutations have in drivingrigigative MPNs and the
effectiveness of the kinase inhibitor imatinib in treatma@hCML, it was thought

that inhibition of JAK2 would effectively treat Aiegative MPNsHowever, the
efficacy of therapeutic JAK2 inhibitors has been limited due to specificity issues and
adverse side effects, since JAK2 function is critical for nornsgatopoiesis.
Ruxolitinib (INCB018424) is a small molecular JAKhibitor that functions by
binding to the ATFbinding pocket okinas€226) thereby limiting the availability of
nucleoside triphosphate molecule for transfer to a tyrosine residue which would
result in tyrosine phosphorylati. Preclinical studies determined that it was a potent
inhibitor of JAK1 and JAK2although it was also able to inhibit JAK3 and
TYK2(227). In vitro, it was able to inhibitJAK2"°*'F iinduced signalling and
proliferation of EPORand JAK2"**F expressing Ba/F3 celland was also able to
inhibit proliferation of haematopoietic progenitor cells from MPN pat{@2{3.
Additionally, in a JAK2"°*™ MPN allotransplantation mouse model, ruxolitinib

2/6177* cell burden and increased

significantly reduced splenomegaly, decread&l
overall survival compared to control miogithout affecting peripheral blood
count$227). Of note, the MPN modelsed in this study did not display any changes

in peripheral blood counts upon introduction D&K2"**F, These data strongly
supported ruxolitinib for treatment of MPNl a phase -R clinical trial, patients

with  myelofibrosis treated with ruxolitiniboshowed clinical improvement
characterised by a prompt and significant reduction in spleen size, weight gain and
observable functional improveme(228. Non-haematologic dxicity was reported

in less than 10% of patiel(@®8. The main kematologic side effect was
thrombocytopenia which was decreased upon lowering dosage and reversed upon
discontinuation of treatmef@28. Additionally, the increase in circulating
inflammatory cytokines, including H6, observed in myelofibrosis pantg229 was

also rediced228), possibly contributing tahe observediecrease in splenomegaly.
Similar results were obtained in 2 separate, randomised, phase 3 clinical trials of
ruxolitinib(220,230). Median survival was increased in patients receiving ruxolitinib
comparedo placebo (8.4% vs 1&%, respectivel\{(R30); however median survival

was similar for ruxolitinib treated patients compared to theseivingbest available

therapy (8% vs 5%, respectivel20. However, in both studiegatients in the
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ruxolitinib group reported decreased symptoms and increased epfality
life(220230). Despite the marginal increase in overall survival compared to placebo,
ruxolitinib provides significant palliative care making it a useful drug in the
treatment of MPN symptom®&esults from theseiéds prompted the U.S. Food and
Drug Administration to approve ruxolitinib for treatment of myelofibrosis at the end
of 2014.

Although not yet appneed by theUnited States Food and Drug Administration
(FDA) for treatment of PV, Ruxolitiniis currently undergoing clinical trials for
treatment of PY231). In general, it was well tolerated and was able to reduce
haematocrit and splenomegatypatients with advanced PV who were refractory or
intolerant toHC and similarly to trials in myelofibrosis patients, thrombocythaemia

andanaemiavere the most adverse side effé28d).

Additional JAK inhibitors are currently under development as therapeutic
compounds TG101348, like ruxolinib, is a ATRcompetitive inhibitor which
exhibits high selectivity for JAK2 and JAKZ?'F although FLT3 and RET were also
inhibited232). In contrast to ruxolitinib, there were no reported changes in pro
inflammatory cytokine®32), possibly due to more selective JAK2, rather than
JAK1 inhibition. Additionally,JAK2"®1"F allele burden was significantly reduced in
patients with an initial allele burden higher than Z23%2). Another kinase inhibitor,
Lestaurtinib (CEP701) also exhibitsselecive inhibition of JAK2 and JAKY®*'F but
similar to TG101348 it is also able to inhibit FLT3 and RET in addition to
TRKA(233. However, JAKZ2°YF allele burden was not reduced following
treatmen{234). Additional inhibitors under development include: XL019, SB518,
CYT387, AZD1480, INCB028050, INCB16562, tascocitinib, NBBK805; these
compounds will not be discussed in this work but are reviewga39. In general
these compounds are successful at inhibiting JAK activity ioothtro andin vivg,
however, selectivity remains the largest obstadléhough off target effects are
undesired for the treatment of MPNs, JAKhibitors that target additional JAKS,
such as those involved in immunological or inflammatory resporeesbeing
investigated for treatment ofheumatological disorders, autoimmune diseases,

prevention of allograft rejection and inflammatory conditions(Review¢#36)).
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1.9 MPL and TPO: their current and prospective roles in MPNs

MPL and TPO areessential for proper gelation of platelet production,
dysregulation of either result oisease. Insufficient production or function of MPL

or TPO results in thrombocytopenias whereas overproduction or unsolicited
activation results in thrombocythaemiddutations can result in disease; however,
they also provide insight into normal regulatiof these proteins. This section
focuses on the role of MPL and TPO and their association with MPNs.

1.9.1 Activating MPL mutations

Activing mutations within MPL typically result inthrombocytlaemia: the
overproduction of platelet\ number of activating mutens in MPL have been
described. The first report of unsolicittPL activation was the translocatia the
v-mpl envelope protein to a portion of the intracellular domaiMBL resulting in
myeloproliferation, whickeventuallyled to the cloning of theeceptor.Sincethen a
number of additional mutations have been reporestudyanalysinga family with
familial ET found a heterozygous serine to asparagine mutatithin the
transmembrane domaat codon505 of MPL (MPLZ°%*Y(200). All members of the
family harbouringthe mutation had increased platelet counteneascounts from
the members without the mutation were unaffe@eg. In another study, equence
analysis of cytokine receptors from granulocyte DNA of myelofibrosis patients
revealed aryptophan to leucine mutation at codon 515 (MPY(124). Four of
forty-five (9%) patientsharbouredhis mutation which was absent from buccal cell
control DNA fromthe same patientsuggestinga somatic origirf124). Additionally,

in a larger studythe MPLY>*** mutation was later identified, also from granulocyes
of MPN patient§l25. Both, he MPL>®%N and MPLY*'*" mutations confer
cytokineindependent signalling and proliferation when expressed in cell
lineg124,200); although this has not beehasvn for MPLY**X it is expected to
exhibit a similar functional consequen®¢PL"**is located at the transmembrane
cytoplasm interface and resides withinlhelicalamphipathic domain (KWQFP in
murine and RWQFP in humangjhat preventsunsolicited dmnerization and
subsequentactivation of MPI(236). The W515 mutations were only found in

paients with myelofibrosis or HIL25).
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1.9.2 MPL expressionin MPNs

Shortly after the cloning dfIPL in 1992, its expression was assessed in a number of
human haematological malignancies. The study reported low levelMRif
transcript levels detected by northern blot in bone marrow or peripheral blood from
patients with myeloproliferative neoplasms, aclyf@phoblasticleukaemia(ALL)

and nonAHodgki nds | y @p7/h SubsequentNdtudigs supported these
findings. Horikawa et alreported decreaseblPL mRNA transcript and protein
expression in platelets from ET patieli&38). Duensing et al. rep@tl decreased
MPL mRNA expression in peripheral blood from PV and ET pati€@&9.
Harrison et aland Li et alreported thaMPL expressiorwassignificantly decreased

in ET patients, as measured using immmiaibeling of cell surfaceMPL on
platelets(240241). Conversely, Moliterno et ateported decreasedPL expression

on plateletsfrom PV patients but normal expression on platelets from an ET
patien{242). This discrepancy could be explained by heterogeneity wittitils as
laterstudiesalso found reducelIPL expression in MPNsyet, many of these studies
reportedheterogeneity oMPL expression ircells between and even within patients

Le Blanc et al reported mixedVIPL expression on platelets from PV patients as
determined by western bl¢243). Numerous groupsepored mixed MPL staining
intensity and pattern in bone maw sections from E{R44,245 and P\(246)
patient$247). A study by Moliterno and Spivak found 2 isoforms of MPL in PV
patients that were differentially recognized by antiserum against the MPL
extracellular domain and an antibody against theer@inal domain, possibly an
additional explanation for thieeterogeaousstaining previously report¢dbs). They
found the isoform specific to PV platelets b@ incompletely glycosylated and
thereforemore susceptible to endoglycosidase(EEhdoH) digestion resulting in
decreased expressiagefect which was exaggerated as the disease progrésSed

The dependence of MPL expression on disease duration makes precise delineation of
its roledifficult. Consequently, despite these studies, the role of MPL expression in
MPNSs remains to be determined. Many of these studies examined MPL expression
as a prognostic marker for MPNs. However, recent discoveries have provided a
better understamag of the molecular pathogenesis of MPNs; therefore, analysis of
MPL expression based otmesedistinct subsets could help answeutstanding

questions regarding the role on MPL expression in MPNSs.
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1.9.3 TPO expressionin MPNs

Unlike MPL, mutations othe TPO protein have not been reported causeMPNs
However, cytogenetic abnormalities in the region of chromosome 3q26, Wigere
THPO geneis located are associated with abnormal haematopqiasiduding
thrombocytosi@48250). Additionally, mutations within th@ HPO genes have been
reported which result in more efficient translation of the pr¢2&ih252). Affected
individuals present with high circulating TPO levels resulting hereditary
ET(251,252). Taken together, these data suggests that TPO plays a role in MPN
development, specifically, when plasma TPO levels are dysregulated, MPNs may

develop.

This association has led a number ofups to study the relationship between TPO
levels and MPNsHarrison et alreport no significant differences in TPO levels
between patients witkT, reactive thrombocytosis (RT) and othPNs compared

to normal patiets(240). Similarly, Li et al. also found no difference eten plasma

TPO levels in ET patigs compared to normal patief#dl). Normal TPO levels

were attributed to reduced MPL expression on platelets which offset the increase in
platelet count characteristic of EB1). Conversely, Tomitateal. report an inverse
relationship between serum TPO levels and platelet count in ET patients. Successful
therapeutic reduction of platelet count resuliedncreased TPO levels. However,

this can be explained by reports of lowered MPL expression on ET platelets resulting
in decreased ability to sequester and remove circulating(Z293D Furthermore,
Wang and Hashimi investigated the reported increase in plasma TPO levels in MPN
patients andfound no abnormalities associated witthe regulation of TPO
production by BM mononuclear and BM stromal q@!). Therefore the changes
observed in plasma TPO levels is likely due to differences in MPL expression and
thus ability to sequester TRZb4). Whereas there are reports of heterogeneity of
MPL expression within the MPN patients, the consensus with TPO is clearer cut with
the defect being specific tddPL rather than TPO.

1.9.4 Interplay between JAK2 and MPL

JAKs are not only necessary for signal transduction of cytokine receptors but also
necessaryor their cell surface localization and stabi{t$6255,256). Analysis of
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proteins involved in the H6 signalling pathway revealed similar hhlfes for the
receptor component, gp130, and JAXG). Additionally, fluorescence recovery
after photobleaching (FRAP) studies showed that once JAKaciags with a
receptor, they cannot be exchan@&® and it is only when JAKs are associated
with a receptor are tlyelocalised to the plasma membré2&9. These studies

demonstrate that JAKs and their receptors are highly interdependent.

JAK2 is essential for haematopoiesis; deficient mice are embryonic lethal resulting
from failure to develop definitive haematoposég60). Additionally, inducible
knockout ofJak2 from the haematopoietic compartment of adult mice results in
pancytopeniand death on average 36 days post trea@@ht Similarly, TPO and
MPL are also important for haematopoiesis as clinical mutations of MPL results in
pancytopenig®8). JAK2 is the predominant JAK activated in response to TPO
stimulatior{103262263); it binds to the Box1l and Box2 motifs of MPL via its
FERM domain and n the absence othis association TPO signalling is
abrogate(lL04). Additionally, JAK2 enhances cell gace localisation and stability

of MPL(255. Given the close relationship between JAKs and their receptors
addition to the functional interdependencies of MPL and JAK2, MPL and JAK2 can
be considered functionally coupled.

1.9.5 JAK2 and MPL in MP Ns

Activation of the JAKSTAT signalling pathway has been shown to cause MPNs.
The JAK2"*"F mutation predominates in the classical MPNs with approximately
95% of PV patients and 50% of patients with ET and PMF harbouring the

LW515L/K and

mutatior{179-181). Moreover, activating mutatiors in MPL, MP
MPLS®N  result in development of JAK2"*Y"independent ET and
PMR124125200). These mutationsidependentlyesult in uncontrolled diwation

of thesameJAK-STAT pathwayresulting in MPNsAdditionally, MPNs are a stem

cell disordetthus acquisition 08AK2"%"F must occur in an early haematopoietic cell

to result in disease. Importantly, MPL is expressed on HSCs and although a number
of other receptors are also expressed, th8 Heceptor(IL-3R) and MPL are the

only two thatare dependerdn JAK2 for signal transacti¢®35). Additionally, just

as JAK2 is necessary for TPO signalling, it has been showitro that JAK2/*¢'F
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requires expression of a homodimeric type | cytokine receptor to induce cytokine
independent proliferatid@64). IL-3R signals as a heterotetramer whereas MPL is a

homodimer, thus it is likely that MPis important forJAK2/%17F

pathogenesis.

Given the role of PO andMPL in HSCs, the requirement fdAK2"%*"F acquisition

in HSCs to cause MPNSs, the reliancelak2'**’F on a homodimeric type | cytokine
receptor and the ability @fctivatingmutations ®MPL to result in MPNSs, it is likely

that MPL is also involved idAK2"°*""-positive MPN development. Although this
has been investigatad vitro, there has been a relative failure to study the role of
MPL on MPNsin vivo. Additionally, current treatmeatof MPNs are predominantly
aimed at treating the symptoms rather than the disease itself. Specific inhibition of
JAK2 by a small molecule inhibitor, ruxolitinib, is successful at treating the disease
in some patients; however, due to the broad functiodAi2, treatment is often
associated with undesired side effedikerefore, additional research is required to

identify additional targets for therapeutic intervention of MPNSs.
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1.10 Primary Aim s

In order to develop therapeutics in the treatment of MPNs, a more thorough
understanding of theomponentsnecessary for disease pathogenesis is required.
Although identification of the JAK2"*Y'F mutation greatly improved our
understanding of MPNs, JAK2 hibitors have not been able to recapitulate the
effects observed with the use of Gleevec. It is possible that development of a better
JAK2 inhibitor may result in better patient outcomes; however, further identification
of additional factors necessary fdisease development provides an additional and
potentially morerelevanttherapeutic target. The role ®PO and its receptor, MPL,

in devdopment of MPNs has yet to be determin€be following specific aims were

designed to answer some of the outstandumgstions surrounding this field of study.

Characterise thadditional regulatory elements within MPL necessary in the

regulation of TPO signalling

Determine the functional role of MPL tyrosine residues in JRKZ-mediated

signallingin vitro

Geneate anin vivomodel to determine the role of TPO and MPL in JX®Z-
positive MPNs

Determine the role of TPO and MPL in development of J&K?-positive MPNsn

Vivo
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CHAPTER 2 GENERAL MATERIALS AND
METHODS

2.1 Cell Culture

2.1.1 Cell culture plasticware and reagents

Tissue culture plasticware was purchased from BD Biosciences. Tessuge

media Roswell Park Memorial InstituteRPMI) 1640, Dulbecco modified Eagle
medium PMEM)a nd Dul b e c c-buffesed galmelBIveas mirchased
from Corning|cellgro, PenicillaStreptomycirGlutamine PSQG (10,000 1.U./mL

Pencillin, 10,000 pg/mL Streptomycin, 29.2 mg/miglutamine in a 10mM citrate
buffer) was purchased from Life Tkoologiesand heat inactivated-etal Bovine

Serum FBS) was purchased from Gemini Bgroducts(West Sacramento, CA,
USA). All cells were cultured at 37°C, 5% GO

2.1.2 Isolation and culture of primary murine bone marrow cells

Mice were asphyxiated using COand cervical dislocationwas performed as a
secondary physical method of euthanasia. Femurs and tibias from weiee
extracted and flushed with 7mL and 3mL DMEM +10% FBS, respectively using a
25G/s needleinto a 50mL Falcon TubeA single cell suspensiois obtained by
expelling cells through a 22G1i needl e
Biosciences352360). Cellsverethen pelleted at 3@Candlysed for RNA or protein

isolationor culturedin the appropriate medium as stated.
2.1.3 Cell Line Culture Conditions

Ba/F3is an IL-3 dependent murine pi®-cell line. These cellsvere cultured in
RPMI1640c ont ai ni ng 1% PSG, recbrAbanEnGsenldl 2 e L/ |
supernatant in 75chtissue culture flasksThe ecotropic retroviral packaging cell

line, PlatinumE cells (PlatE), were cultured in DMEM containing 1% PSG and

10% FBS in 10critissue culture plate§-36P is shuman leukemia cell line derived

from a patient with myelodysplastic syndramidnese cells werebtained from the
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European CollectionfoCell Culture and cultured as previously descr{@26é8), in

1% PSG, 5% FBS and 5ng/miecombinant humar)IL-3 (PeproTech) The
Phoenixamphotropicretroviral packaging e | | l ine (G4NXDMEMas cul
containingl% PSG and.0% FBS.

2.2 Total RNA Isolation

Total RNA was isolated from cells using an RNeasy Mini Kit (Qiagen). Cells were

lysed in the suggestedma u nt of RLT buffer suppl emer
mer capt oeMEh and chbmogénized using a QIAshredder homogenizer
(Qiagen). 1 volume of 70% ethanol was added to the homogenized cells and this was

then loaded onto a supplied RNeasy spin column, washkduffer RWI followed

by 2 washes with Buffer RPERNA was eluted off the column using RNdsse

water.
2.3  cDNA synthesis from total RNA

cDNA was synthesized from total RNA using a SL‘E|ueiptE Il Reverse
Transcriptase kit (Life Technologiedg N A, DraML. dedkynucleotide(dNTP)

mi x and 0. bgand RNasdrgeoH,OdwEre combined in a steri®2mL
polymerase chain reactioRCR) tube and incubated at 65°C for 5 minutes, followed

by a 4°C incubation for 1 minute. A 2X reaction master mix wapaned by
combining 10X RT buffer, 26mM Mggl 40U/ ¢ L FRaNc vsas @ILET to

the RNA/primer mixture. The samples were then incubated for 42°C for 2 minutes,
then 1elL of1l rBverpeetnarSariptasg anzymwas added to each tube
and cDNA synthesis reaction was performed by incubation at 42°C for 50 minutes.
The reaction was terminated by increasing the incubation temperature to 70°C for 15
mi nut es, samples were then cool edd t o 4/
incubated at 37°C fo20 minuteso hydrolyze phosphodiester bondsRNA:DNA

hybrid strandghereby removing the RNA templates from the reverse transcriptase
reaction Samples were diluted 1ib RNasefree HO and used for PCR or stored at
-20°C. Aminus RT controlvas runfor each sample and was treated the same as the

cDNA samples excef@Nasefree HO was added in placd SuperScriptﬁ RT.
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2.4  Reverse TranscriptasePolymerase Chain Reaction (RT
PCR)

A reaction mixture comprising 1X PCR reaction buffer V2 of eachdNTP, 2mM

of forward and reverse primers, 1uL of diluted cDNA from Sec#@and0.5U of
PfuUltra HF DNA polymeras€Agilent Technologieswere broughup to a final
volume of 50uLin a thinwall PCR tubeThe PCR reaction was performed usargy

MJ Research PTQ00 thermal cycler(Bio-Rad). Cycle parametersre listed in
Table2.1 and annealindemperatures were optimised for each gene target. 15uL of
each reaction product was mixed with 3uL of 6X DNA loading dye (0.25%
bromophenol blue(w/v), 0.25% xylene cyanol FFWw/30% glycerol (v/v)) and
analysed on a 1.5% agarose Tris/borate/EDTA (TBE: 89mM Tris base, 89mM boric
acid, 2mM EDTA, pH 8.0) gel containing 0.2pg/mL ethidium bromide (EtBr). DNA
products were visualized usiag ultraviolet (UV) light box.

2.5 Western Blot Analysis

2.5.1 Protein extraction

Cultured or treated cells were harvested a3 min at 4°C, washed three times

in cold DPBS to remove any cytokines and
1% NPR40 lysis buffer (50mM TrigdCI, pH 7.4, 150mM NaCl, 1%N\P-40)

containing protease inhibitors (Protease inhibitor cocktail for mammalian cell and
tissue extracts, containing 104nM AEBSF,
E-64, 2mM leupeptin, 1.5mM Pepstatin A;igBiaAldrich) and phosphatase

inhibitors (ImM NxVO,4, 10mM NaF) at 4°C for 10 minutes. Cellular debris was
removed by centrifugation of samples for 15 minutes at 29,500°C and the

supernatants were collected and transferred intomievocentrifugeubes.
2.5.2 Protein quantitation

Proteinconcentrations wer e greteineassay (Bmat) usi ng
according to manuf ac-wellrfla boftsn microgater Thist i on s
particular colormetric protein assay was chosen as it is compatible with protein

samples containing detengt. It is a modified version of the Lowry assay and relies
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1 1 Polymerase 94 10:00
activation
2 32 (unless Denature 94 00:30
otherwise dsDNA
stated) Primer Varies as listed 00:30
annealing
Extension 72 01:00
3 1 4 hold
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on the oxidation of aromatic residues, primarily tyrosine and tryptophan, by copper

ions under alkaline conditions. Addition of Folin reagent results in its reduction by

the modified aromatic residues resulting in development of a blue color which is

then masured tian absorbance of 655nom an iMark microplate absorbance reader
(Bio-rad). Bovine serum albuminBSA) protein standard solutions were prepared in

1% NP4O0 lysis buffer, ranging from-8 mg / mL . 5¢L of each stan
triplicate andSe L f each unknown sample was added in duplicate to wells of a 96

wel | pl at e. 1 mL wakp rweopr &kri endy (rlenalg eonft rAeda g e n
reagent S vas added to 2&cle Wwefi o1 | owed by addition
reagent B. The plate was mixed usthg mixing function on the microplate reader

and incubated at 25°C for 15 minutes. The plate was then read at an absorbance of
655nm. Any background absorbance was removed by subtracting the absorbance of
the lysis solution and protein assay reagents.afdstrd curve was generated from

the absorbance of the BSA standard solutions. From this, the concentration of each

sample was calculated.

2.5.3 Sodium dodecyl sulfate (SDSPolyacrylamide gel electrophoresis
(PAGE) and protein transfer

Protein samples were prear ed using 10¢g ©pbDSoSamdlen , 4 x
Buffer (106mM Tris-HCI, 141 mM Tris base, 2%thium dodecyl sulfacel(DS),

10% glycerol, 0.51mM EDTA, 0.22mM SERVA blue G250, 0.175mM phenol red,

pH 8.5) (Invitrogen) and 10x NuPAGE Sample Reducing Agent (50mM
dithiothreitol (DTT)) (I nvitrogen) brought-40tlysis 20¢ L
buffer. Samples were heated to 100°C for 5 minutes to denature the proteins. The
samples were then loaded into a NuPAGHovexX’ 4-12% BisTris pre-cast
polyacrylamide gel and separated in 1x NUPAGEOPS SDS runnning buffer (50

mM MOPS, 50 mM Trisbase, 0.1% SDS, 1 mM EDTA, pH 7.7) (Invitrogen)
supplemented with 500 ce¢ihb theifner dhambRIGdE theAnt i o
XCell SureLock® Mini-Cell running apparatus. NuPAGHEels are at neutral pH thus

some reducing agents includiigTT do not always cenigrate with the protein

allowing for the potential of protein 4@xidization so NUPAGE Antioxidant is added

to ensure proteins meain in a reduced state during electrophoresis. Additionally,

3elL of Precision Plus Pr ¢Bioadyvias lBadddei do s
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onto the gel to monitor separatidBels were run at 200V for 50 minutes. Gels were
then transferred ontomethanol actiated polyvinylidene difluoride (PVDF)
membrane (BieRad) in transfer buffer2dmM Trisbase, 150mM Glycine, 20%
Methanol (v/v) using aMini Trans Blot Celltransfer apparatu@io-Rad) at 110V

for 1 hour.
2.5.4 Immunodetection of proteins

After proteins were immobilized onto PVDF, the membraneas incubated in
blocking buffer (4% dry notfiat milk or BSA in Trisbuffered saline containing
0.1% Tweer20 (TBST)) at 60 rotations per minute on an orbital shaker for 1 hour
at 25°C. The blocking solutiowasthen dscarded and the membrane washed for 1
minute in TBST before primary antibody diluted in blocking bufigasadded. The
membranewasincubated in primary antibody overnight at 46€1 hour at 25°C.

The blocking buffer, antibody concentration and time of incubatiere optimized

for each individual antibody usedFollowing primary antibody incubation,
membranes were washed 3 times with TBSFor unconjugated antibodies, the
membranewas then incubated with dorseradish peroxidaséHRP)-conjugated
secondary antibody diluted in blocking buffer for 1 hour at 25°C followed by 4
washes in TBS. Membranes were then subjected to chemiluminescent detection
with ECL-plus (GE Healthcare, ltle Chalfont, UK) and imaged using radiography
film or a FluorChem M imager (ProteinSimple, Santa Clara, CA, US¥gstern
blots were quantified by densitometry using ImageJ image processing and analysis

software fttp://rsbweb.nih.gov/ij/, National Instites of Health, USA
2.5.5 Membrane Stripping

Membranes were stripped of bound antibody to allow for detection of additional
proteins and loading controls. Membranes were incubated in stripping buffer (SDS)
wi t h 62Zntefcaptoethanolb(ME) at 60°C for 10 mutes. Membranes were
then rinsed 5X with dbD and incubated with agitation in TBISfor 5 minutes
before being used for additional immunodetection of proteins as descriSedtian

254
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2.6  Cloning

2.6.1 Site-directed mutagenesis

Site-directed mutagenesis was performed using a QuikChange Hdisetted
mutagemsis kit Agilent Technologies20052351) following the mar
instructions. Vectrs were mutagenized at various concentrations (25ng, 50ng
100ng) to ensure ideal reaction conditions. Each mutagenesis reaction contained 1X
reaction buffer, dsDNA plasmid template, 125ng each of forward and reverse
primers, 1pL of a proprietary dNTP miX.5U of PfuUltra High-Fidelity DNA

polymerase and ddi® to 50puL. Cycling parameters are listed ifable 2.2 and
mutagenesis primer sequences and reaction annealing temperatures are listed in
Table 2.3. Mutagenesis reactions were then Dpdigested (10U/reaction) at 37°C

for 1 hour to digest the original dsDNA plasmid template.

2.6.2 Transformation

Mutagenized plasmids were transformed into Subcloning EfficFenE‘)/H 550
competente.Coli (Life Technologes). 2uL of the of the mutagenesis reaction was
added to 50uL of the Subcloning Efficier’?cyDHSEUcompetent cells in a
microfuge tube, the reaction was incubated on ice for 5 minutes, heat shocked for 45
seconds in a 42°C water bath, placed back on ic2 moinutes then 500uL of S.O.C.
medium (#15544934, Life Technologies) was added to each reaction and incubated
at 37°C for 1 hour at 225 rpm to allow the cells to recover. 100uL of the
transformation reaction was then plated onywaemed LuriaBertani (B) plates
containing 100ug/mL ampicillin and cultured overnight at 37°C to allow for growth

of colonies. A maximum of 5 individual colonies were selected from plates for

validation.
2.6.3 Plasmid preparation

Individual colonies selected from LB ampicillin pta were individually cultured for
16 hours in 4mL of LB medium containing 100pug/mL ampicillin. Plasmids were

then isolated from 3mL of each culture using a QIAprep Spin Miniprep Kit

55
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Segment Cycles Step Temperature (°C) Time (mm:ss)
1 1 Polymerase 95 00:30
activation
2 12 Denature 95 00:30
dsDNA
Primer Varies, sedable | 01:00
annealing 2.3
Extension 68 10:00°

‘recommended number of cycles for point mutations

”1 minute/kb of plasmid length. pMKXIPL = 9kb

Adapted from the Agilent Technobgies QuikChange Il SiteDirected Mutagenesis Kit

user manual
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following the microcentrifuge spin protoc@iagen).Plasmids were then checked
for the desired mutations as described in SecBdh4 For larger scalglasmid
preparations, cultures in 400mL of LB medium containi@®ug/mL ampicillin
were used for plasmid isolation with a QIAprep Maxi Kit (Qiagen) following the

manufacturersoé protocol
2.6.4 Mutagenized gdasmid validation

A diagnostic digest was performed on each plasmid to ensure isolation of the desired
plasmid. Resiction enzymes used to clone in the gene of interest were used to
digest the plasmid preparation product where each digestion reaction contained 1X
NEB Buffer selected for maximal enzyme compatibility, 2pug BSA, 2U of each
desired restriction enzyme, 1ugtbie isolated plasmid DNA and dgBl was added

to achieve a final reaction volume of 20uL. The reaction was then incubated at 37°C
for 1 hour then resolved on a 0.8% agarose (TBE) gel containing 0.2ug/mL EtBr
(Figure 2.2). Correctly digested plasmids were sent to the Stony Brook Genomics
Core for sequencingsing primers to full length humadPL. Sequencing primers

are listed inTable 2.4 and binding regions are shown kigure 2.1. Plasmids with
inserts containing the desired sequenderwent an additional plasmid preparation

at a largeby Maxiprep (Sectior2.6.3 and stored as a stofd experimental use
2.7  Generation of stable cell lines

2.7.1 Generation of retroviral Particles
2.7.1.1 Ecotropic viral particles

PlatinumE (Fat-E) cells are an ecotropic retroviral pagksy cell line used to

generate vector containing retroviral particles used to make stable celR@ifes

These cells produce ecotropic retrovirus capable of infecting mouse or raaraklls

were used to infe Ba/F3 cells PlatE cells are plated at 3 x 4@ells per 10cm

tissue culture plate and cultured for 16 hours to allow for attachment and
proliferation. Once cells reach approximately 50% confluency, they are transfected
with a 2: 1 mi ydfestanene 2000L(Life Teghnoldies) land plasmid

DNA. Generally, 2eg of plasmid DNA is us:
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Reverse 1 5 &€ACTTCCTCCTGGTCTGGAA3 6
Forward1l | 5-&TGCCCTCCTGGGCCCTCTTE
Forward 2 | 5 &€ACGGTCATACAGCTGATTG3
Forward3 | 5 & TGGATCCACCAGGCTGTGE3 6
Forward4 | 5 -&CCACCGAGACCGCCTGGAT 6
Forward5 | 5-®CCATGCCCCTGTCTGTGTGE3 6
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Forward 1

ATGCCCTCCTGGGCCCTCTTCATGGTCACCTCCTGCCTCCTCCTGGCCCCTCAAAACCTGGCCCAAGT

CAGCAGCCAAGATGTCTCCTTGCTGGCATCAGACTCAGAGCCCCTGAAGTGTTTCTCCCGAACATTTGA
GGACCTCACTTGCTTCTGGGATGAGGAAGAGGCAGCGCCCAGTGGGACATACCAGCTGCTGTATGCCT
ACCCGCGGGAGAAGCCCCGTGCTTGCCCCCTGAGTTCCCAGAGCATGCCCCACTTTGGAACCCGATAC
GTGTGCCAGTTTCCAGACCAGGAGGAAGTGCGTCTCTTCTTTCCGCTGCACCTCTGGGTGAAGAATGT

Reverse 1

GTTCCTAAACCAGACTCGGACTCAGCGAGTCCTCTTTGTGGACAGTGTAGGCCTGCCGGCTCCCCCCA

GTATCATCAAGGCCATGGGTGGGAGCCAGCCAGGGGAACTTCAGATCAGCTGGGAGGAGCCAGCTCC

AGAAATCAGTGATTTCCTGAGGTACGAACTCCGCTATGGCCCCAGAGATCCCAAGAACTCCACTGGTCC
Forward 2

CACGGTCATACAGCTGATTGCCACAGAAACCTGCTGCCCTGCTCTGCAGAGGCCTCACTCAGCCTCTG

CTCTGGACCAGTCTCCATGTGCTCAGCCCACAATGCCCTGGCAAGATGGACCAAAGCAGACCTCCCCA
AGTAGAGAAGCTTCAGCTCTGACAGCAGAGGGTGGAAGCTGCCTCATCTCAGGACTCCAGCCTGGCAA
CTCCTACTGGCTGCAGCTGCGCAGCGAACCTGATGGGATCTCCCTCGGTGGCTCCTGGGGATCCTGGT
CCCTCCCTGTGACTGTGGACCTGCCTGGAGATGCAGTGGCACTTGGACTGCAATGCTTTACCTTGGAC
CTGAAGAATGTTACCTGTCAATGGCAGCAACAGGACCATGCTAGCTCCCAAGGCTTCTTCTACCACAGC
AGGGCACGGTGCTGCCCCAGAGACAGGTACCCCATCTGGGAGAACTGCGAAGAGGAAGAGAAAACAA
ATCCAGGACTACAGACCCCACAGTTCTCTCGCTGCCACTTCAAGTCACGAAATGACAGCATTATTCACA
TCC'I'I'GTGGAGGTGACCACAGCCCCGGGTACTGTTCACAGCTACCTGGGCTCCCCTTT%
CAGGCTGTGCGCCTCCCCACCCCAAACTTGCACTGGAGGGAGATCTCCAGTGGGCATCTGGAATTGGA
GTGGCAGCACCCATCGTCCTGGGCAGCCCAAGAGACCTGTTATCAACTCCGATACACAGGAGAAGGCC
ATCAGGACTGGAAGGTGCTGGAGCCGCCTCTCGGGGCCCGAGGAGGGACCCTGGAGCTGCGCCCGC
GATCTCGCTACCGTTTACAGCTGCGCGCCAGGCTCAACGGCCCCACCTACCAAGGTCCCTGGAGCTCG

Forward 4

TGGTCGGACCCAACTAGGGTGGAGACCGCCACCGAGACCGCCTGGATCTCCTTGGTGACCGCTCTGC

ATCTAGTGCTGGGCCTCAGCGCCGTCCTGGGCCTGCTGCTGCTGAGGTGGCAGTTTCCTGCACACTAC
AGGAGACTGAGGCATGCCCTGTGGCCCTCACTTCCAGACCTGCACCGGGTCCTAGGCCAGTACCTTAG
GGACACTGCAGCCCTGAGCCCGCCCAAGGCCACAGTCTCAGATACCTGTGAAGAAGTGGAACCCAGC

CTCCTTGAAATCCTCCCCAAGTCCTCAGAGAGGACTCCTTTGCCCCTGTGTTCCTCCCAGGCCCAGATG

Forward 5

GACTACCGAAGATTGCAGCCTTCTTGCCTGGGGACCATGCCCCTGTCTGTGTGCCCACCCATGGCTGA

GTCAGGGTCCTGCTGTACCACCCACATTGCCAACCATTCCTACCTACCACTAAGCTATTGGCAGCAGCC

TTGA

Figure 2.1 MPL sequencing primer binding sites
Figure showing binding regions for MPL sequencing primers listd@ibie2.1. Arrows dictate
direction of sequencings reaction.
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pMX-puro pMX-puro
MPL"" MPL*>
IS
. oy
X
L 5 @ & _(EcoRIXhol) |

Figure 2.2 Restriction enzymediagnosticdigest

Mutagenized plasmidsere initially tested for the presence of the gene of interested, MPL,
restriction enzyme diagnostic digeMPL was cloned into the multiple cloning site between Eci
and Xhol sites; therefore, plasmids were treated with no restriction enzyme, @calbuble diges
with EcoRI and Xhol to test for the presence of the MPL insert. Digestion products were resol
a 0.8% agarose TBE gel with ethidium bromide to visualise produdtsl kb plus ladder
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isprepar ed separ avER Imgdiaiand mikes Qust prior@paddition
onto cells; PlaE culture media is changed just prior to addition of the Bigi
complex. Culture media was replaced 32hrs after transfection and cultured for an
additional 1@rs to allow for accumulation of retroviral particles. Media from these
cells was then collected using a 10mL syringe and filtered with a 0.45uM syringe
filter to remove any cells. Fresh media was added back onto the cells to allow for
production of additnal retroviral particles. These particles were harvested, same as

previously, 8 hours later.
2.7.1.2 Amphotropic viral particles

d N amphotropiccells are an amphotropic retrovirphckagingeell line developed

by the Nolan laboratory at Standfddshiversity for efficient production of retroviral
particles capable of infecting most mammalian cells
(http://web.stanford.edu/group/nolan/_OldWebsite/retroviral _systems/phx.html).
Retroviral particles were generated and harvested as described in SQettiof
These viral particles were used to infee3@&P cells.

2.7.1.3 Retroviral transduction of cells

16 hours prior to harvest of the first batch of retroypaticles, Ba/F&r F-36Pcells

were passaged 1:5 to ensure active proliferation of cells. Just after harvest of the first
round of retroviral particles, 1 x Y@ells were counted and cultured in the harvested
retroviral supernatnat with the addition mécessary culture cytokines as stated in
Section2.1.3 and 10pg/mL polybrene (Millipore). Following the second round of
retroviral particle harvestcells were pelleted and -riltured in fresh retroviral

supernatant, again with additioecessary cytokinemd polybrene.
2.7.1.4 Antibiotic selection for infected cells

72 hours post transductiopells were selected for plasmid uptake by culture with
5ug/mL puromycin for the PM>puro plasmid o400ug/mL geneticin (G418Yor
PQCXIN plasmid. Untransduced cells were also cultured in the respective antibiotic
as a control. Cells were cultured unddesgon for 7 days following death of all the

untransduced cell® ensure for complete selection
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2.8  Thrombopoietin ELISA

A Mouse thrombopoietin QuantikifiELISA (R&D Systems) was used to quantify

serum thrombopietin levels. Whole blood was collectedcasaiac puncture using

citrate (ACD Solution A of trisodium citrate, 22.0g / L; citric acid, 8.0 g / L; and
dextrose 24.5 g / L, BD Biosciences) as an anticoagulant, samples were centrifuged

at 10,00@ for 10 minutes, platelet poor plasma (PPP) was deltkand stored at

80°C. Samples were thawed on ice and dilutddid in supplied Calibrator Diluent

RD53 prior to being assayed. The assay wa

protocol and standards, Control and samples were all assayed in @uplicat

2.9  Statistical Analysis

Data wasanalysedfor statistical significance using GraphPad Prism 6 Software.
Analysis of differences between means of multiple groups was performed using one

way analysis of variance (ANOVA) foll owe
test. Analysis of differences betwemeans of multiple groups with greater than one
independent variable was performed usingtway ANOVA f ol |l owed by
multiple comparisons test. Asterisks on graphs indicate significance compared to
WT, ***pP O 0.001, **Pu@ ®.fOIP andl.*OB Qvals.

statistically significant.
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CHAPTER 3 PHOSPHORYLATED MPL TYROSINE
591 REGULATES THROMBOPOIETIN -INDUCED
SIGNALING

3.1 Experimental Rationale

In this chapter, we investigate the roleMPLY>%! in the negative ragation of TPO
signalling First, the phosphorylation state of Y591 will be determined using mass
spectrometry. Then, utilizing ain vitro system where human MPL is ectopically

L Y% removal

expressed in Ba/F3 cells, vaan todetermine the consequenceNdP
on receptor phosphorylaticemd signal transduction addition to identification of

potential binding partners to Y591.
3.2  Materials and Methods

3.2.1 pMX-puro-MPL

pMX-puro is a retroviral vectagenerated to facilitate cDNA library generatidinis

composed of a modified pBalpeiro vector, termed pBabeX, where the SV40
promotor and the puromycin resistance genes were renangd multiple cloning

site (MCS) was insert¢@d67). Toma xi mi ze vi r al titers, t he
(LTR) of pBabeX was replaced with the 5806
the MGF vectof268). For the purposes of our studies tB®¥40 promotor and

puromycin resistance gemeerereintroduced to the vector to allow for selection of
transduced cellsHuman MPL cDNA was cloned into a pM>ouro vector(Figure

3.1) using EcoRland Xhol restriction sites in the multiple cloning siégure 3.2).
pMX-puro-MPLY*'F was generatetly site-directed mutagenesi$¢ction2.6.1and

Table2.3) and the mutation was confirmed by sequenckigyre3.3).
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BamHI 1884

EcoRI 1905
~_ Hindlll 1911

.~ Xhol 2701
EcoRI 3034
Xhol 3157

Hindlll 3426

SV40 IEP

Figure 3.1 pMX -puro backbone vector

pMX-puro backbone contains a multiple cloning site (MCS) to allow for insertion of gene
expression. An ampicillin resistance gene allows for selectidadnli and apuromycin resistanct
gene allows for selection in eukaryotic celtsder the control of th8V40 immediate promoter (IEP)
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\_ - BamHI 1884

"~ EcoRI 1905

pMX-puro-MPL S

7.7kb

___—Xhol 3157

" Hindlll 3426

SV40 IEP

Figure 3.2 pMX -puro-MPL vector
MPL was cloned intdhe pMX-puro vector between EcoRI and Xhol restriction sites within the M
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A  Wild-type

CAG|ATG|GAC|T AC|CGA|AGA|TTG
GIn Met Asp Tyr Arg Arg Leu

B Y591-5F

CAG‘ATG|GAC|TTC|CGA‘AGA|TTG
GIn Met JAsp Phe Arg Arg Leu

Figure 3.3 pMX -puro-MPL "***F Sequencing Results
Sequence analysis of WT and mutagenized MPL ipMxX-puro-MPL vector.
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3.2.2 Immunoprecipitation

Protein lysate was obtained as described in 2.5.1. 500ug of protein was prepared to
1pg/uL and incubated witROuL packedProtein A beads (Millipore) for 1 hour on

an endto-end rotator at 4°Go remove any proteins nespecifically binding to the

beads. Samples wetigen incubated with 2ug of amtPL antibody(Millipore, #06-

944) for 16 hours on an er-end rotator at 4°C20uL packedProtein Aagarose
beadqMillipore, 16-125)were then aded for 4 hours on an e#td-end rotator at

4°C, MPL-antibody beadcomplexeswere washed 3 times with% NR40 lysis

buffer, protein was eluted using 2X NUPAGE® LDS sample buffern t a tiMEi ng b
(Invitrogen) and boiled at 100°C for 5min. Eluted proteinswaen subjected to

westerrblotting as described starting at Sect®b.3
3.2.3 Detection of active, GTRPbound Ras

Levels of activated Ras were detected using an Active Rasi®ufi and Detection

Kit (Thermo Scientifi¢ Rockford, IL, USA f ol | owi ng tgrotocomanuf a.
Ba/F3MPL cells were treated with or withoubdg/mL rhTPO for 5 minutes and

lysed in the kiprovided lysis buffer supplemented with 1% protease inhibitor
cocktail (SigmaAldrich, P834(). Lysates were then subjected to pulldowns using the

Ras bnding domain oRAF protconcogene serine/threonipeotein kinas€RAF1)

to isolate the activeguanosines-triphosphatdGTP)-bound Ras, andnalysedising

western blo{Section2.5) to detect levels of active Ras.

3.2.4 Peptide binding assays

Biotinylated peptides corresponding tWIPL residues 582601 including an
aminohexanoic acid spacer (Bicthx-LCSSQAQMDYs59;RRLQPSCLGTFNH2

and BiotintAhx-LCSSQAQMD(pYsg;) RRLOQPSCLGTNH2) were synthesized by

RS Synthesis (Louisville, KY). Lyophilized peptidesre@econstituted to 10mM in
DPBS. Peptide concentration was measured using a NanoDrop 2000 (Thermo
Scientific) at 205nm rather than the typical method of protein quantification (Section
2.5.2) due to lack of tryptophan residues and presence of only a single tyrosine
residue within the peptide400puL of reconstituted peptide@as conjugated to 400uL

High capacity NeutrAvidin Agarose Resin (Thermo Scient@20Q for 4.5 hours

at room temperature.-B6BRMPL"" cells were treated with or without 1ng/mL
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rhTPO for 5 minutes and lysed in NI lysis buffer. Lysates were poieared by

incubation with 40uL High capacity NeutrAvidin agarose resin for 1 hour at 4°C.

1mg of precleared lysate was incubated with 20uL peptide conjugated beads
overnight at 4°C. The samples were centrifuged and washed 5 timeswiNR40

lysis buffer, resuspended @ X NuPAGEE LDS samplMEbuffer
(Invitrogen)and subjected tavedernblotting as described starting at Sectb.3

3.2.5 RNA interference

Syk siRNAs were purchased from Dharmacon RNAi Technologies as a
SMARTpool, and Ptpn6siRNA and control siRNA were purchased from Invitrogen.
Al l si RNAs were reconstituted according
were subjected tol pulse of 1700volts for 20mgsing the Neon® Transfection
System (Invitrogen). Ba/FBIPLY™ and MPL"**F cells were washed in DPBS and
resuspended in R buffer at 2.0%40L; 2.0x16 cells were transfected with SiRNA at

a final concentration of 1uM. Cells were cultured for 24 hours-fassfection in
RPMI 1640 +10% FBS supplemented with murihe3, they were then cytokine
starved in RPMI 1640 +2% FBS for 16 hours, then stimulated with or without
10ng/mL rhTPO for 15min and lysed in NP lysis buffer. Lysates were then
subjected tavesternblotting (Section2.5.3 or Ras pulldowr{Section3.2.3.

3.3 Results

3.3.1 MPL tyrosine residue 591 MPL "% is phosphorylated in response to
TPO

To develop a better understanding MPL phosphorylation in response to TPO,
tandem mass spectrometry was used to determine sites ofméBiated
phosphorylation oMPL. MPL peptides were obtained by immunoppetzting MPL

from rhTPO stimulated Ba/FBIPL cells followed by trypsin digest. Phosphorylated
peptides were enriched usimmgmobilized metal affinity chromatographfyMAC)

and subjected to tandem mass spectrometry. Generated da@nalgsedusing
SEQUEST® and revealed the mass spectrum of the peptide TPLPLCSSQAQMDYR
(Figure 3.4). The quantity computation with the help of the and yion series
revealed that the mass of tyrosine (Y) 14 is 243Da, instead of the native 163Da. This

is indicative of a phosphomodification (+80Da) of this tyrosine residue. Tyrosine 14
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of the peptide is equivalent dPL">! foundin the intracellular domain df1PL,
indicating that this residue is phosphorylated in response to TR®.work was

completed by Dr. Sebastian J Saur.

To begin assessing the role of MPY}, we first studied receptor phosphorylation in
the absence of MPP®! phosphorylationTyrosine residue 59%as mutatedising
site-directed mutagenesi® phenylalanine tanhibit residuephosphorylation. This
mutant form of MPL was ectopically expressed in Ba/F3 cells, which were then
stimulated with 10ng/mL of rhTPO for 5 minutes, lysed and subjected to
immunoprecipitation using an afMPL antibody.Immunoprecipitated protein was
then amalysed by western blot and probed for phosglmsine, revealing the
phosphorylation state of MPL.

In the absence of TPO stimulation, there is no detectable receptor phosphagrylation
however, TPO stimulation induced a marked increase in WT receptor
phophorylation (Figure 3.5)(103. Consistent with  previous reports,
phosphorylation was comparable to WT when MPP*® was mutated and

significantly diminishedwhen MPL"%?°

, a residue important for receptor activation,
was mutated Higure 3.5) (3). Mutation of MPL™% resulted in decreased total
receptor phosphorylation to a level similar to MP" (Figure3.5). Additionally, to
study changes in sensitivity to TR@d kinetics of receptor phosphorylation, Ba/F3
MPLYT and MPL*F cells were stimulated with varying concentrations of rhTPO
and stimulated for different periods of time, respectivielthe absence of MPP%,
receptor phosphorylation was less sensittee TPO stimulation(Figure 3.6).
Additionally, the duration of MPI**'F receptor phosphorylation was decreased

(Figure3.7).
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TPLPLCSSQAQMDpYR bt # oAk 5
1020555 1 T 15
1991083 2 P 14 1745.739
e % 3121923 3 L 13 1648.686
3 409.2451 4 P 12 1535.602
5203292 5 L 1 1438.549
6823508 6 C 10 1325.465
5 7693918 7 S 9 1165.434
8564239 8 S 8 1078.402
i ::: 9844824 9 Q 7 991.370
(s S 10555196 10 A 6 863.312
3 ElT s - ] 11835781 11 Q 5 792.275
b é it G 13146186 12 M 4 664.216
I 14296456 13 D 3 533.176
* e L T L L 16726752 14 Y 2 418.149
15 R 1 175.119
peptide sequence pX site SEQUEST Xcorr Probability z observed m/z
1. TPLPLCSSQAQMDpYR 591 3.634 0.9979 +2 1847.78

Figure 3.4 Phosphaotyrosine peptide from the intracellular domain of MPL

identified by LC-MS/MS following tandem IP*

Tandem mass spectra of the phosphopeptide TPLPLCSSQAQMDpYR were identified. The
series of the ions is indicated. The sequence resultingtirese spectra is indicated above the p
The mass of tyrosine (Y) 14 is 243 Da, instead of the native 163 Da. This indic
phosphomodification (+80 Da) of this tyrosine residue. Tyrosine 14 of the peptide equals tyro

in the intracellular domin of MPL.

1Ectopically expressed human MPL protein in Ba/F3 cells recovered by tandem IF
MPLY trypsinY IMAC). Peptide sequence is indicated along with the position of pY sites in
the indicated peptide scores, charge state (z), and observetbrohasge ratios (m/z).

This work was completed by Dr. Sebastian J Saur.
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IP(anti-MPL)
product

Figure 3.5 Mutant MPL receptor phosphorylation

Ba/F3 cells stably expressing human WT or muMdRL were stimulated with rhTPO, lysed a
subjected to immunoprecipitation with an aMiPL antibody. Immunoprecipitates weamalysed
via western blot using a phosphgosine probe to compare total receptor phosphorylation o
mutants to the wildype receptor in response to TPO stimulation, blots were stripped ar
probed with an artiMPL antibody to assess the level of immunoprecipitated protein. Dat
representative of 3 independent experiments. Ba/F3 cells expressing different tyros
phenylalanine mutants of MPL were stimulated with 10ng/mL rhTPO for 5Mims is
representative of 3 individual experiments.
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Ba/F3 MPL"" Ba/F3 MPL""
IgG
lsss 0 0.1 1 10 0 01 1 10 control
)
0O -Tyr ‘
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Figure 3.6 MPL "°! receptor phosphorylation TPO dose response

Ba/F3 cells stably expressing human WT or mutant MPL were stimulated with rfoFFsmin,
lysed and subjected to immunoprecipitation with an-aMRL antibody. Immunoprecipitates wel
analysed via western blot sing a phosphtyrosine probe to compare total recep
phosphorylation of the mutant to the wilghbe receptor in response to TR@mulation;blots were

stripped and r@robed with an artiMPL antibody to assess the level of immunoprecipite
protein
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Ba/F3 MPL"" Ba/F3 MPL"*"

IgG
TPO: 0 15 60 120 0 15 60 120  control

(min)
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<
3
L

IP(anti-MPL)
product

Figure 3.7 MPL "*! receptor phosphorylation TPO time course

Ba/F3 cells stably expressing human WT or mutant MPL were stimulatedL@aigymL rhTPO,
lysed and subjected to immunoprecipitation with an-aMBL antibody. Immunoprecipitates wel
analysed via western blot using a phosphoosine probe to compare total recep
phosphorylation of the mutant to the wilghbe receptor in response T&O stimulation;blots were

stripped and rg@robed with an amfMPL antibody to assess the level of immunoprecipite
protein.
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3.3.2 MPL ¥ exhibits hypersensitive, enhanced and prolonged ERK1/2

activation upon TPO stimulation

TPO binding toMPL results inreceptor activation and subsequent initiation of
numeroussignalling cascades including the JAK/STAT, PI3K/Akt and MAPK
pathway$106). To determine thaole of MPL"! in TPO-mediatedsignalling
Ba/F3MPL WT or MPL"F cells were cytokine starved and stimulated with
rhTPO. Consistent with previous reportsells expressingPL"*°*F exhibited a
significant increase in the level and duration of ERK1/2 phosphorylation compared
to MPL"" (Figure 3.8 and Figure 3.9)(1). Cdls expressing MPI>%F stimulatedfor

5min with increasing concentrations of rhTPO exhibited a significant hypersensitive
response in ERK1/Zhosphorylationat low doses (0.1ng/mL) of rhTPO and
enhanced maximal levels ERK1/2 phosphorylaffeigure3.8). Akt phosphorylation

is also increased in theIPLY>'F mutant; however, activation of the JAK/STAT
signalling was unaffectedFigure 3.8) (1). To study the mechanism behind the
enhared and prologed ERK1/2 phosphorylation iMPL">°'F expressingells, the
activation state of a stimulatarpstreamof the MAPK/ERK pathway, the small
GTPase Rawas assessedBa/F3MPLY" or MPLY>%F cells were cytokine starved

for 18hr followed by 10ng/nL rhTPO stimulation. Cells weréhen analysedfor
active, GTPbound Ras as described in SectioB.2.3 We observed a twinld
increase in the level of R&TP in cells expressing the MPE'" mutant receptor
compared to WTKigure3.10).
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Figure 3.8 MPL Y*°'F TPO Signalling DoseResponse

(A)Western blot analysis of phosphorylation levelsJaiK2, STAT5, AKT andERK1/2 in Ba/F3

MPLYTandMPL"**' cells stimulated witl), 0.1, 1 and 10 ng/mL rhTPO for 5 m{&) Densitometry
of phospheERK1/2 blot. Error bars represent + SEM. (n =&nsitometry was performed usir
ImageJ (National Institutes of Health, Bethesda, MD).
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Figure 3.9 MPL "*°*F TPO Signalling Time Course
(A)Western blot analysis of phosphorylation levels of JAK2, STAT5, AKT and ERK1/2 in B¢
MPLYTand MPL*'F cells stimulated with10 ng/mL rhTPO for 0, 15, 60, or 12@in. (B)

Densitometry of phosphBRK1/2 blot. Error bars represent £ SEM. (n = Bensitometry was
performed using ImageJ (National Institutes of Health, Bethesda, MD).
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A MPL"™ _ _ MPL™"
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Figure 3.10 Activated Ras in Ba/F3 MPL"°*F cells

(A) Detection of active, GT®ound Ras in Ba/FBIPLY"T and MPL™'F cells by

immunoprecipitation and western blot. (B) Densitometry of é&@6Bnd Ras western blot. Error be
represent +SEM. (n = 3). Densitometry wasfpened using ImageJ (National Institutes of Heal
Bethesda, MD).
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3.3.3 SHP-1 and SYK associate with phosphorylated MPI*** in vitro

An  SH2phosphotyrosindindingPTB) domain microarray performed in
collaboration withDr. Alexis KaushanskyHarvard Universitywas used to identify
potential binding partners for p¥i. A 5,(6) TAMRA labeled pYse1Sequence peptide
was dilutedto8 varying concentrations (5¢M, el
100nM and 10nM@and used to probe a protein array cosgd of 136 SH2 or PTB
domains Table 3.1). Data wasanalysedusing GraphPad Prism Software to
determine specificbindinRe pt i des bounRAO ad. &R ewk r ewi c cn ¢
viable targetsThe phosphdVPL"*! peptide bound with high affinity in a manner
consistent with saturation binding to domains fr@rymphocyte kinas€BLK),
Bruton agammaglobulinemia tyrosine kinagBTK), GardnerRasheed feline
sarcoma viral (vgr) oncogene homolodFGR), interleukin2-inducible T-cell
kinase(ITK), SH2 domaircontaining protein 1ASH2D1A), SHR-1 (genePTPNG,
spleen tyrosine kinas€SYK) and guanine nucleotide exchange factor VAV2
(VAV2) (Figure3.11). mRNA expression of targets was confirmed in bone marrow,
Ba/F3, CD41 cells and megakaryocytes by reverse transcriptase &8QRsched

in Section2.4. Primers are listed ifable 3.2 FGR, ITK, SH2D1A, BTK, PTPN6

and SYK were all expressed in bone marrow céligure3.12A). To narrow down
potential targets, expression of these genes was subsequently checked in Ba/F3 cells
as our initialin vitro findings wee performed in these cells, along with CD4&bne
marrow cells and megakaryocytes. Only BTK, PTPN6 and SYK were expressed in
these cell typesHigure 3.12B). Peptide pulldows performed usingsynthesized
MPL"**! and phospheMPLY**! peptideswere used to validate potential targets
identified in the SH2/PTB domain microarrads the peptides are based on human
MPL, lysates used for pulldowns are from artam norlymphoid leukaemiacell

line, F36P induced to ectopically express human ML TPO stimulation time
course was performed to determine the time at which MPL is maximally
phosphorylated(Figure 3.13). Although maximal phosphorylation of MPL was
achieved at 30 minutes peBPO stimulation, lysates used for peptide pulldowns
were stimulated for only 5 minutes to identify partners involhmedreceptor
phosphorylation. MPI*! peptides were incubated with lysate the absence of
TPO stimulation angghospheMPL"*°* peptide was incubated with lysate stimulated
with 1ng/mL rhTPOfor 5 min Data shows thaSHR1 preferentidy binds to
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phosphoriated MPL"!, SYK binds to only phosphorylatedPL*** and BTK
binds equally to phosphorylated and unphosphorylaiRl">°* (Figure 3.14). The
clathrirmediated endocytosis adaptor protein, AR2s beershown previously to
interact withYXX@ motifs, where Y represents a tyrosine, X represents any amino
acid and @ representsramino acid with a bulky hydrophobic side cl{aso).
There are 2 of these motifs found in MPLSYRRL being one of them, thus AP2
was used as a control for these pulldowsg(re 3.14). Given these results, we
continued to study both SHP and SYK and their role in MPP** regulation of
TPOsignalling
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Table 3.1 SH2/PTB Domain Binding Array Genes

ABL1 (c-abl oncogene 1, non-receptor tyrosine kinase)

IRS4 (insulin receptor substrate 4)

ABL?2 (c-abl oncogene 2, non-receptor tyrosine kinase)

ITK (interleukin-2-inducible T-cell kinase)

ANKS1 (ankyrin repeat and SAM domain containing 1)

JAK2 (Janus kinase 2)

APBA1 (Amyloid beta A4 precursor protein-binding family A
member 1)

JAKS3 (Janus kinase 3)

APBA3 (Amyloid beta A4 precursor protein-binding family A
member 3)

LCK (lymphocyte-specific protein tyrosine kinase)

APBB1 (Amyloid beta A4 precursor protein-binding family B
member 1)

LCP2 (Lymphocyte cytosolic protein 2)

APBB2 (Amyloid beta A4 precursor protein-binding family B
member 2)

LNK (CG17367 gene product from transcript CG17367-RC)

APBB3 (Amyloid beta A4 precursor protein-binding family B
member 3)

LYN (Tyrosine-protein kinase Lyn)

APPL (adaptor protein, phosphotyrosine interaction, PH
domain and leucine zipper containing 1)

MATK (Megakaryocyte-associated tyrosine-protein kinase)

APS (CG6391 gene product from transcript CG6391-RC)

NCK1 (non-catalytic region of tyrosine kinase adaptor protein
1)

BCARS3 (breast cancer anti-estrogen resistance 3)

NCK2 (Cytoplasmic protein NCK2)

BLK (B lymphocyte kinase)

NUMB (numb homolog (Drosophila))

BLNK (B-cell linker)

NUMBL (numb homolog (Drosophila)-like)

BMX (BMX non-receptor tyrosine kinase)

PIK3R1 (phosphoinositide-3-kinase, regulatory subunit 1)

BRDGL1 (Signal transducing adaptor family member 1)

PIK3R2 (phosphoinositide-3-kinase, regulatory subunit 2
(beta))

BTK (Bruton agammaglobulinemia tyrosine kinase)

PIK3R3 (phosphoinositide-3-kinase, regulatory subunit 3
(gamma))

CBL (Cbl proto-oncogene, E3 ubiquitin protein ligase)

PLCG1 (Phospholipase C, gamma 1)

CCM2 (cyclin-dependent kinase inhibitor 2A)

PLCG2 (phospholipase C, gamma 2 (phosphatidylinositol-
specific))

CHNZ2 (chimerin 2)

PTKG6 (protein tyrosine kinase 6)

CRK (Proto-oncogene c-Crk)

PTPN11 (Tyrosine-protein phosphatase non-receptor type 11)

CRKL (v-crk avian sarcoma virus CT10 oncogene homolog-
like)

PTPNG6 (protein tyrosine phosphatase, non-receptor type 6)

CTEN (tensin 4)

RASAL1 (RAS p21 protein activator (GTPase activating protein)
1)

DAB1 (Dab, reelin signal transducer, homolog 1
(Drosophila))

RIN1 (Ras and Rab interactor 1)

DAB2 (Dab, mitogen-responsive phosphoprotein, homolog
2 (Drosophila))

SH2B (SH2B adaptor protein 1)

DAPP1 (Dual adapter for phosphotyrosine and 3-
phosphotyrosine and 3-phosphoinositide)

SH2D1A (SH2 domain-containing protein 1A)

DOK1 (downstream of tyrosine kinase 1)

SH2D2A (SH2 domain containing 2A)

DOK2 (docking protein 2, 56kDa)

SH2D3A (SH2 domain containing 3A)

DOK4 (docking protein 4)

SH2D3C (SH2 domain containing 3C)

DOKS5 (docking protein 5)

SH3BP2 (SH3-domain binding protein 2)

DOKS5L (docking protein 6)

SHB (Src homology 2 domain containing adaptor protein B)

E105251 SHC1 (SHC (Src homology 2 domain containing) transforming
protein 1)

E109111 SHC3 (SHC (Src homology 2 domain containing) transforming
protein 3)

E129946 SLA2 (Src-like-adaptor 2)

E138606 SRC (Proto-oncogene tyrosine-protein kinase Src)

E169291 STAT1 (Signal Transducers and Activators of Transcription 1)

E18941 STAT2 (Signal Transducers and Activators of Transcription 2)

EAT2 (SH2 domain containing 1B)

STAT3 (Signal Transducers and Activators of Transcription 3)

EB1 (cytochrome c oxidase subunit Vila polypeptide 2 like)

STAT4 (Signal Transducers and Activators of Transcription 4)

EPSSL2 (EPS8-like 2)

STATS5 (Signal Transducers and Activators of Transcription 5)

FER (fer (fps/fes related) tyrosine kinase)

STAT6 (Signal Transducers and Activators of Transcription 6)

FES (feline sarcoma oncogene)

SYK (Spleen tyrosine kinase)

FGR (Gardner-Rasheed feline sarcoma viral (v-fgr)
oncogene homolog)

TEC (Tyrosine-protein kinase Tec)

FRS3 (fibroblast growth factor receptor substrate 3)

TENC1 (tensin like C1 domain-containing phosphatase)

GRAP2 (GRB2-related adapter protein 2)

TENS1 (Tensin 3)

GRB10 (growth factor receptor-bound protein 10)

TNS (Tensin 1)

GRB 14 (growth factor receptor-bound protein 14)

TRX (trithorax)

GRB2 (Growth factor receptor-bound protein 2)

TXK (TXK tyrosine kinase)

GRB?7 (growth factor receptor-bound protein 7)

VAV1 (Proto-oncogene vav)

GULP1 (GULP, engulfment adaptor PTB domain containing
1)

VAV2 (Guanine nucleotide exchange factor VAV2)

HCK (hemopoietic cell kinase)

VAV3 (Guanine nucleotide exchange factor VAV3)

HSH2D (hematopoietic SH2 domain containing)

YES1 (Proto-oncogene tyrosine-protein kinase Yes)

INPPL1 (inositol polyphosphate phosphatase-like 1)

Zap-70 (Zeta-chain-associated protein kinase 70)

IRS1 (insulin receptor substrate 1)
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Figure 3.11 Saturation binding curves for MPLPY>** SH2 domain microarray

targets

Saturation binding curves were generated from data gathered from an SH2 domain microarray

with 8 varying concentrations of 5JBAMERA labeled MPPP"**' peptide.

Graphsequilibrium

constants Kp) and R were generatedising GraphPad Prism software. Plots show normalize

fluorescence as a function of peptide concentration
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Table 3.2 Primers to validate expression of SH2 domain array targets

Gene  Sequence Tm Size Accession
(°C)  (bp)

Blk F-5 AAGATCCGCACCCAGGACAA3 § 65.12 | 353 | NM_007549.2
R-5 @TGTTCATCGGAGCCAGCAA3 6| 65.08

Btk F-5 ATGGCGTCTGCACCAAACAA3 6 64.87 | 372 | NM_013482.2
R-5 €€CCCAAAAGCCCAGATGTCA3 § 65.43

Fgr F-5 GGCAGCACAAAGGTGGCAGT3 6 65.24 | 317 | NM_010208.4
R-5 AGGATGTTGGCTGCCCTCAAS3 6| 65.29

Itk F-5 GAAAAGCATCAGCCGCGACA-3 6 65.04 | 386 | NM_001281965.1
R-5 @GCCAATCTCCTGCACGAAG3 6| 64.63

Ptpn6 | F-5 - GGCCCAGTTCATCGAAACGAS3 6| 64.96 | 301 | NM_013545.3
R-5 @GCAGGGATCAAGGCTGATG3 § 64.61

Sh2dla| F-5 &GGCCCATCAAAGAGTTTGG3 6| 64.03 | 306 | NM_011364.3
R-5 ATGCCTTGATCCGGCTTCTG3 6 | 64.74

Syk F-5 GCCCCTTATGAGCCCCGTTT3 6 | 64.92 | 377 | NM_011518.2
R-5 AGTGCCGTGAATGGGTGACA3 § 64.92

Vav2 F-5 €GAGCCATCGATGTGTCCAT3 6| 64.39 | 331 | NM_009500.1
R-5 @GGCTTCCAGGGCTTCTTTGE 6 | 64.82
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Figure 3.12 SH2 domain array target expression verification

(A) C57BIl/6 bone marrow wabkarvested, lysed, mRNA was isolated and cDNA was made
Invitrogen Superscript Il. PCR was performed on cDNA, made with and without reverse transc
using primers specific for the listed gene. (B) BaWBL cells and CD41cells and megakaryocyte

isolated from cultured C57BI/6 bone marrow cells were lysed, mRNA was isolated and cDN
made. PCR was performed on cDNA using primers specific for genes that yielded PCR prc

bone marrow cDNA.
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F-36P MPL""
IgG

1ng/mL(TP)O: 0 5 30 60 120 control
£F

& 5 [P-Tyr ——

=5

ads Ty

€9

Sa| MPL — ————

Figure 3.13F36-P MPLWT receptor phosphorylation TPO time course

F36-P cells stably expressing human WT was stimulated with rhTPO, lysed and subjec
immunoprecipitation with an artMPL antibody. Immunprecipitates weranalysedvia western blot
using a phosphtyrosine probe to compare total receptor phosphorylation of the mutant to the

type receptor in response to TPO stimulation; blots were stripped grdlred with an ariMPL
antibody to assss the level of immunoprecipitated protein.
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Figure 3.14 MPL ! peptide pulldowns
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Biotinylated peptides corresponding to the amino acid sequameceunding Y591 were synthesizt
conjugated to NeutrAvidin agarose resin
incubated with RB6RMPL"T whole cell lysate from cells treated with or without rhTPO. Prot
interacting with peptides were eluted and saefgt on SDSAGE andanalysedvia western blot.
SHR1, SYK and BTK antibodies were used to confirm potential partners and AP2 was use

(LCSSQAQMD(Y591/pY591)RRLQPSCLGT),

control.
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3.3.4 SYK binds phosphorylated MPL "*°* to negatively regulate TPQ
mediated ERK1/2signalling

We sought to determine BHP1 and SYKwere responsible for the increased
ERK1/2 and Aktsignallingobserved in Ba/FBIPLY>%F cells. To do so,we used
siRNAs to eitheiPtpn6(the gene encoding SHB or Sykto reduce SHA and SYK
protein expression, respectivelijn MPLWT cells, reduction of SHR protein
expressiorresulted in no significant change in TR@ucedERK1/2 (Figure 3.15)

or Akt phosphorylation(Figure 3.16), relative totreatment with control siRNA
Conversely reducing SYK protein expresion in MPLYT cells resultedin
significantly increasedRK1/2 phosphorylation witiTPO stimulation compared to
the control(Figure3.17A-B). SYK siRNA treatmenbdf MPL" cells was unable to
induce ERK1/2 phosphorylatiaio the same extent as obseniedVIPL"%*F cells
however, this is likely the result of incomplete knockadoof SYK (Figure3.17A).
We observed no difference in Akt phosphorylation as a result of SYK knockdown
(Figure 3.18). To further understand the role of SYK in Tiadiated ERK1/2
signalling we assessed the phosphorylation state SYK inclulifig”3*’, SYK '3
and SYK"?19520(SYK 322 SYK"¥2 and SYKY°%/%26in human SYK, respectively).
Phosphorylation ofSYK Y317, a negative regulatory resid@&€(), was unaltered
betweerMPLYT andMPLY**'Fin response to T® (Figure3.19). However, baseline
phosphorylation oSYK"** was higher in MPI" compared taviPL">°*F (Figure
3.19). We were unable to detect phosphorylation of $¥#%° we found no
difference in the phosphorylation state of SHEFigure3.19).
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Figure 3.15 ERK1/2 phosphorylation following sSiRNA knockdown of Ptpn6

(A) Western blot analysis of phosphorylation of ERK1/ZPipn6siRNA treated Ba/FMPLY" and
MPL"*% cells stimulated with 10ng/mL rhTPO for 15min. Knockdown efficiency wmalysedby
immunobloting for SHPL, numbers represent densitometric quantification of protein levels.
Densitometric quantification of phosptiRK1/2 blot using ImageJ software*P* < 0.01). Error bars
represent +SEM. (n=3).
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Figure 3.16 Akt phosphorylation following siRNA knockdown of Ptpn6
(A) Western blot analysis of phosphorylation Akt in Ptpn6 siRNA treated Ba/FMPLY" and
MPLY***F cells stimulated with 10ng/mL rhTPO for 15min.
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Figure 3.17 ERK1/2 phosphorylation following siRNA knockdown of Syk

(A) Western blot analysis of phosphorylation of ERK1/2Syk siRNA treated Ba/F3IPL"" and
MPL"*% cells stimulated with 10ng/mL rhTPO for 15min. Knockdown efficiency wmalysedby
immunobloting for SYK, numbers represent densitometric quantificatidn pootein levels. (B)
Densitometric quantification of phosptRK1/2 blot using ImageJ software. Error bars repre:
+SEM. (n=3).
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Figure 3.18 Akt phosphorylation following siRNA knockdown of Syk
(A) Western blot analysis of phosphorylation of Akt 8yk siRNA treated Ba/FMPL"" and
MPLY***F cells stimulated with 10ng/mL rhTPO for 15min.
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Figure 3.19 Phosphorylation of SYK and SHR1
Western blot analysis of phosphorylation of SYK and SHiFom Ba/F3MPL"™ and MPL***F cells
stimulated with 10ng/mL rhTPO for the indicated times.
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3.4 Discussion

MPL is critical for the maintenance oéématopoietic stem cells, in addition to being
the key regulator of megakaryopoi€63103271). Therefore, its regulation is
essential to prevent uncontrolled activation of the receptbich can result in the
development oMPNg124,200). In this chapter we demonstrate for the first time
that Y591 in wildtype MPL is phosphorylated in response to TPO and that removal
of Y591 phosphorylation results in decreased total receptor phosphorylation. Y591
regulates the levedf active Ras within the cell following TPO stimulation thus, its
removal contributes to thenigher levels of pERK1/2 observed in Y591F.
Additionally, we identify SYK and SHR as novel potential binding partners for
pY591, and moreover, that knockdown B8fk mimics the Y591F phenotype,
suggesting that SYK contributes to the negative regulatitegte of Y591 in wild

type cells. These findings suggest a significantly more important role than previously

thought for Y591 in TPQignallingand receptor function.

In previous studies, using receptor truncatjoriS91 was identifiedas a potential
negative regulator of TR@ediated proliferatiof8). This has been further gported

by our work showing that the Y591F pcimiutation inMPL confers a proliferative
advantage to cells in response T®(O(1). To determine whether the observed
phenotype is the consequence of the removal of a phosphorylation site at Y591,
within the intracellular domain of MPL, we determined the phosphorylation state of
Y591 in wild-type MPL after TPO stimulation. Phosphation of MPL Y591 has

been previously reported in the disease state associated with a W515A activating
mutation ofMPL(116) but here we report th&PL Y591 is also phosphorylated in
response to TPO in the wilgpe receptor. As such, we tested whether
phosphorylation of Y591 provides a docking site for SH2 domain containing
proteins to bind and act as direct downstream effectors or as a scaffoldifemadid
effector proteins in TPO mediats@jnalling

It has been known for many years that multiple residu@4Rif are phosphorylated
upon TPO binding. Previous studies have focused on Y625 and(3y63fur
demonstration in this study th&PL Y591 is also phosphorylated provides an

additional potential point of regulation of receptor activity. Moreover, based on our

93



Chapter 3

experiments using single tyrosine to phenylalanine mutatiohdRtf, the decrease

in total receptor phosphorylation in the Y59TElls is greater than would be
predicted based on loss of a single tyrosine site. This result also suggeM®lthat
Y625 and Y630 phosphorylation levels are, in part, dependent on the
phosphorylation state of Y591 and that pY591 is required for maximal
phosphorylation at Y625 and Y630. If sbeseresults suggest that Y591 might also
serve as a docking site of a kinase respondinghosphorylation of Y625 and
Y630. To better explore this hypothesis the temporal phosphorylation proBlof

would needo be explored.

Since TPO is the primary megakaryocyte growth fg2#%#), much has been
discovered about the positive signals involved in its regulation. However, the
mechanisms that negatively regulate stgnalling are less well understood. The
YRRL motif appears twice in the cytoplasmic domairii?L andareimportant in
negative regulation of TP8ignalling Y529RRL is required for lysosomal targeting
and subsequent degradation and Y591RRL is important for MAPK pathway
activation and suppression of proliferaiibn Our data suggest that Y591 can
regulate MAPK pathway activation through modulation of active Ras levels within
the cells. Active Ras is necessary for megakaryocytierentiation(271), and
therefore it is possible that a role of Y591 is to suppress megakaryocytic
differentiation through downregulation of active Ras. The mechanism by which
Y591 suppresses Ras activation is an important area for future studibsreant

Ras signalling has been obsergein a number of human cancers, including

haematologicamalignancie@73).

Although attempts to conmunoprecipitatdMPL and SYK have been unsuccessful,
which is a likely consequence of the transient nature of SH2 interactions, wk foun
using an SHalomain binding array followed by a peptide pulldown, that SYK may
potentially binds to Y591 oMPL. SYK typically binds immunoreceptor tyrosine
based activation motifs (ITAMSs), characterized by two YXXL/I sequencés 6
amino acids apa74). The region ofMPL around Y591RRL does not contain
additional YXXL/I motifs butMPL signals as a dimer; therefore, pY591RRL could
serve as a henrilfAM for SYK binding. The role of SYK in immunoreceptor

signallinghas been well characterized and typically results in recaptation and
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positive signalling (reviewed in(274)). Surprisingly,however, our preliminary data
shows that the elimination of this SYK binding site yields an increase in ERK1/2
signalling suggesting that in wiltiype cells, SYK is somehow downregulateting the
phosphorylation of ERK1/2 in rpense to TPO. SYK phosphorylation decreases
following TPO stimulation of both WT and Y591MPL supporting its role as a
negative regulator of TP8ignalling SYK Y346 has been linked to ERK activation

in immune cell§270) and the decrease in SYK pY346NiPL Y591F supports a link
between the two proteins albeit a negative rather than the typical positive
association. SYK function has been reported to interfere with epidermal growth
factor (EGF)mediated cellular responses through epidermal growth factortoecep
(EGFR), thus in some cases, SYK functions as a negative regRFgorHowever,

the exact mechanisms by whibiPL and SYK may interact and how this potential
interaction affects TPQignalling requires further investigationt is possible that
there are a number &iignaling intermediates between SYK and ERK including
other negative regulatory proteins functioning as effectors facilitating negative
regulation through Y591. However, the mechanisms through which SYK negatively

regulates ERksignallingand its role in megakaryopoiesis have yet to be elucidated.

In addition to identifying SYK as a potential binding partner for pY591 and a
regulator of ERK activation, peptide pulldowns identified two additional novel
binding partners for Y591, SHP and BTK. SHR1 is a phosphatase that
preferentially binds pY591, yet is not responsible for the increased ERK1/2
activation resulting from the Y591F mutation; however, SHEbuld modulate other
aspects of TPQ@ignallingoutside of ERK1/2 activation. SHP negatively regulates
signalling of type | cytokine receptors through binding of phosphorylated tyrosine
residues on activated receptors and subsequent dephosphorylation of
JAK2(276,277). We observed a slight increase in the level of phosphorylated JAK2
in the Y591F mutant; therefore, it is possible thaviiaL, SHR1 binding to pY591
mediates JAK2 activation. Additional experiments are required to further understand
the role of Y591 in SHA regulation.

In this report we show thatilPL Y591 is phosphorylated in response to TPO,
providing a novel docking site fH2domain containing proteins SHPand SYK.

Once bound to pY591, SYK negatively regulates ERK1/2 phosphorylation. Tight

regulation of the cellular response to TPO is essential, as loss of this control seen in
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clinical mutations oMPL (MPL W515L) resuls in development diaematological
malignanciesinterestingly, anovel MPL Y591D mutationhas beendentified in a
patient with JAK2V617Fpositive polycytlaemia ver278. At the time of
discovery, the function of the mutation was unknown; however, our data suggests
that loss of Y591 in this patient may be facilitating the disease phenotype due to loss
of a negative regulator. Thus, an understanding of the molecularsdetailPO
signalling is important for identification of areas for therapeutic intervention. A
negative regulatory site such as Y591 and its associated effector proteins provide

potential therapeutic targets for dysregulated cellular responses to throntinopoie
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CHAPTER 4 DISSECTING THE ROLE OF MPL IN IN
VITRO JAK2 VeYF_.POSITIVE SIGNAL LING AND
PROLIFERATION

4.1  Experimental Rationale

Taken togethetthe functional interdependence of MPL and JAK2 in maintenance of
haematopoiesis and the ability of both proteins to induce MPNs, suggests that MPL
may be capable of modulatintpe effects ofJAK2"°*'F. Therefore, in this chapter,

we sought to determine ehrelationship between thphosphorylated tyrosine

residues oMPL andJAK2'**"F pathogenesim vitro.
4.2  Materials and Methods

4.2.1 Cloning of MPL and JAK2 containing plasmids
4.2.1.1 pMX-puro-MPL

pMX-puroMPL was generated as described in Sec8dhl and mutagenesis was
performedas described in Sectigh6to generate MPL mutants. These new mutants
include MPL"?F and MPL"®*%, Mutagenesis primers annealing temperatures are
listed inTable2.3. For these studies, the previously geners@dV" andMPL"*%*F
plasmids from SectioB.2.1were also used.

4.2.1.2 pQCXIN-JAK2

PQCXIN is a retroviral expression vectbigure4.1. It contains aCMV promotor,
neomycin resistance gene asselectable markdollowing an internal ribosome
entry site (IRES)ampicillin resistance for bacteriaélection pQCXIN was obtained
from Clontechand JAK2"T cloned in using iffusion cloning strategpetween the
BamHI and EcoRI restriction sitesithin the MCS Figure 4.2)and subsequently
mutagenized tdAK2"°*’F using site-directed mutagenesigs described in Section
2.6by Dr. S. Leah Etheridge to generp@CXIN-JAK2'T and pQCXINJAK2/1'F,
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CMV/MSV
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Figure 4.1 pQCXIN backbonevector

The pQCXIN vector contains an ampicillin resistance gene for selection in E.Coli and a ne«
resistance gene for selection in mammalian cells.
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Figure 4.2 pQCXIN -JAK2VT vector

Human JAK2 cDNA was cloned into the pQCXIN backbone vector between restriction sit
BamHI and EcoRof the MCS.
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4.2.2 XTT Cell Viability Assay

Tetrazolium salts are utilized in numerous biochemical assays andvitiegpread
application is attributedot their ability to be reduced arfdrm colored formazan
dyes. Triphenyl tetrazolium chloride (TTC) was the first of these salts to be
synthesized and since, scientists have been modifying this parent compound to
produ@ a number of tetrazolium salts with specific properties for use in a wide range
of biochemical applications (reviewed (@&79). The most common tetrazolium salt
used for proliferation assays previously was4S-dimethylthiazoi2-yl)-2,5
diphenyltetrazolium (MTT).However, aidified isopropanol used solubilize the
MTT was dangerous and volatile leadingcreased health risk and increased
likelihood of sample variatiarnTherefore, as a waytassess the necessity of MPL
and JAK2"®17F for proliferation incells, we performe@,3-Bis-(2-Methoxy-4-Nitro-
5-Sulfophenyl}2H-Tetrazolium5-Carboxanilide (XTT)proliferation assay XTT is
similar to MTT as their reduction is dependent on the rate of NAD(P)H production.
However, XTT is not cell permeab#ad thereforereduction occurs at the $ace of

the cell membrar(@79). Cells were cultured in triplicate at 2.0x16ells/well of 96

well cell culture plates in the absence of 1ng/mL recombinant human TPO (rhTPO).
At 24, 48 and 72 hours, XTT reagent was added to the cells and any proliferating
cells would reduce the XTT compound ukgg in a colorimetric change directly
proportional to the number of metabolically active cells when read at 490nm.
Although these assays do not directly measure the number of viable cells, studies
have shown that data generated from these assays tasreith proliferation data

gathered by cell counts and radioisotope a$28%s
4.3 Results

4.3.1 Generation of pMX -puro-MPL mutants

MPL mutants were generated by site directed mutagenesis as described in Section
4.2.1.1 Mutants were verified by sequencinging primers to full length human

MPL (Figure 3.3, Figure 4.3 andFigure 4.4). MPL sequencing pmers are listed in
Table2.4.
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A Wild-type

AAC|ICAT|ITCCITACICTAICCAICTA
Asn His Ser Tyr Leu Pro Leu

B Y625-F

AAC|CAT|TCC|TTC|CTA|CCA|CTA
Asn His Ser Phe Leu Pro Leu

Figure 4.3 pMX -puro-MPL Y52F Sequencmg Results
Sequence analysis of WT and mutagenized MPL in the 4pMd$-MPL vector.
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A Wild-type

CCA|CTA‘AGC|TAT‘TGG|CAG|CAG
Pro Leu Ser Tyr Trp GIn Gin

B Y630-F

CCA|CTA|AGC|TTT|TGGICAG|CAG
Pro Leu Ser Phe Trp GIn GiIn

ol

Figure 4.4 pMX -puro-MPL Y3*% Sequencing Results
Sequence analysis of WT and mutagenized MPL ipMX-puro-MPL vector.
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4.3.2 Total MPL and JAK2 expressionin generated Ba/F3 cell lines

After cells were generated and selected for plasmedjration cells were lysed and
expression of MPL and JAK2 was determinggwestern blot Eigure4.5). In lines
not engineered to express MPL, there was no MPL expression dgfeiciect 4.5).
Total MPL expressiorvaried between different MPL mutants with MPL being
maximally expressedTotal MPL"'F expression was approximately half that of
MPLYT (Figure4.5). In both MPLY" and MPL>'F, expression of JAK2''F rather
than JAK2'T did not affect total MPL expressidfigure4.5). MPLY®?F expression
was absent when JAKZ was expressed but rescued with JARZ expression
(Figure 4.5). The opposite was true for MPE" expression whereby expression
was higher when cexpressed with JARY' rather than JAKPY'F (Figure 4.5).
Overall, expression of JAK2 was unaltered between cells expredsikg"" or
JAK2"°YF (Figure4.5). b-actin was used as a loading contfiure4.5).

4.3.3 Cell surface expression of NPL in generated Ba/F3 cell lines

MPL cell surface expression was assayed by flow cytometry. All cell lines express
MPL at varying levelson their cell surface(Figure 4.6). However, MPL%°F
exhibiteddecreased cell surface localizatiatative to MPLYTJAK2"T (Figure4.6).
MPL"®JAK2"YT cells exhibited a bimodal distribution of MPL cell surface

expressiordespite culture under puromyaelection(Figure4.6).
4.3.4 Cell signalling in MPL/JAK2 Ba/F3 cell lines

Cell signallingwas assessed in the MPL/JAK2 Ba/F3 cell lifgalls were starved in
RPMI 1640 supplemented with 2F8S in the absence of {8 for 16 haurs followed

by stimulation with or without 10ng/mL rhTPO for 5min. Whole cell lysates were
harvested and western blot analysis was performed as descri@es iWestern
blots are presented ifigure 4.7 and values determined by densitometry are
presented ifrigure4.8. In the absence dMPL expression, JAK2 is not significantly
phosphorylated. Gexpression of MPY", MPL>%'F and MPL®** with JAK2VT
results in TPO induced phosphorylation of JAK2. Howewvarexpression of
MPLY%%5F and JAK2'T does not result increased JAK2 phosphorylafafowing
TPO stimulation. When MPLIYT and JAK2°'F are ceexpressed, JAK2
phosphorylation was present despite absence of cytokineisTduasistentvith
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Figure 4.6 MPL cell surface expression

Flow cytometry analysis of MPL cell surface expression in BaF/3 MPL and JAK2 mutants. Pc
BaF/3 cells expressing various human MPL and JAK2 constructs were stained with an a

against e extracellular domain of MPL (Amgen) followed by secondary staining with amaxise
alone.

Qdot 565 antibody. The open peak corresponds to cells stained witharge Qdot 565 seconda
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Figure 4.8 Densitometric quantification of pJAK2 and pSTAT3

Quantification of western blot frorRigure 4.7. Values for phosphorylated protein are normalisec
level of total (A)JAK2 or (B)STAT3 and are relative to MPLIAK2"T. Analysis was performe
using ImageJ software.
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previousreports demonstrating JAKZ'" is able to confer cytokine independent

2/61F \was able to induce JAK2

LY591F M PLY625F

signalling in cell lineg181). Similarly, JAK
phosphorylation when eexpressed with all MPL mutan{sP and
MPLY%3*%". This suggestthat JAK2®'’F activation occurs independently ahd
precedesVIPL receptor phosphorylatiorCells expressingAK2"**’F and MPL are

still able to respond to TPO as JAK2 phosphorylation incredefiswing
stimulation with TPQ however, this is potentially a result of the presence of
endogenous murindAK2"". As expected, lposphorylation of downstream target,
STAT3(281), mirrors the phosphorylation pattern observed for JAKR both

JAK2VT and JAK2®'"F expressing cells
4.3.5 Analysis of ell viability in MPL/JAK2 Ba/F3 cell lines

Cell viability was assessed in cells-erpressing WT or mutant MPL and WT or
mutant JAK2based on the percegi of cells capable of reducingI T relative to
those cultured in k3. XTT assays were performed aells ceexpressing MPL:
WT, Y591For Y625 and JAK2: WT or V617FY630F proliferative capacity was
not assessed as cell surface expression was not unffagure 4.6). Cells were
cultured in the absenaw presence oing/mL riTPO and XTT reduction capacity

2"°'"Fin the

was measured at 24, 48 aidhrs Cells expressing JARZ or JAK
absence of MPL were unable to maintain metabolic activity inpifesence or
absencef cytokine (Figure4.9 andFigure4.10). Similarly, cells expressing MP

and JAK™T were not viablein the absence of cytokine; however:emression of
MPLYT with JAK2'®'"F sustained metabolic activity in the absence of cytokine
(Figure4.9). As expected from previous studies, when cultured in the presence of
cytokine both MPYTIAK2™T and MPLYTIAK2Y®1"F cells were metabolically active
although mutant JAK2 was more effective at sustaining actikitu¢e4.10). These

data support previous works showgi that MPL expression is required for
JAK2"® " mediated proliferatiorn vitro in the absence of cytoki(@64). Analysis

of MPL point mutantsdemonstrated thato-expression oMPLY**'" with JAK2VT

was able to sustain metabolic activiythe absencef TPOalbeitto a lesser extent
than MPLYTJAK2®'"F cells Figure4.9). Additionally, therewas slightly increased
metabolic activityin MPL"***FJAK 2% "F cells
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Figure 4.9 XTT assay with MPL point mutants in the absence of cytokine
Ba/F3MPL-JAK2 cells were cultured in RPMI + 2%FBS in the absence of rhTPO. The abili
metabolically active cells to reduce XTT was measured at 24, 48 and 72 houcsillpost and is
shown as a percentage relative to maximal activity when cultured H3.|Experiments were
performed in triplicate andada are presented as mean +s.@#3.
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Figure 4.10 XTT assay with MPL point mutants with cytokine

Ba/F3MPL-JAK2 cells were cultured in RPMI + 2%FBS and 1ng/mL rhTPO. The ability
metabolically active cells to reduce XTT was measured at 24, 48 and 72 houcsilpost an is
shown as a percentage relative to maximal activity when cultured -1 Experiments were
performed in triplicate andada are presented as mean ts.@#3.
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compared to MPYTJAK2Y%*"F cells observed at 72hourshen cultured in TPO
(Figure4.10); however, the differenceas not statistically significaniThis wasnot

surprisingasMPL ">

is a negative regulataf TPOinduced signallingnd removal
of this residuehas been shown to increase proliferation as measured byfIMTT
Interestingly metabolic activity for MPI*°*FJAK2"T cells was almost identical in
both the presence and absence of cytokifigure 4.9 and Figure 4.10). MPL"%%°
was shown previouslyo be necessaryfor TPO mediated proliferati@8,282).
Likewise, removal ofMPL"®?®> (MPL"®%") was unable to sustain activity when co
expressed with JAKY" in either the presence or absence of cytgkmawever,
when coeexpressed with JARS'F  metabolic activity remained similar to
maximally activecells cultured in IE3(Figure 4.9 and Figure 4.10). These data
suggest that removal MPLY>** andMPLY®* within MPL is unable to overcome to

proliferative effects induced by JAKZ'F expression in cells.

4.4 Discussion

Removal of MPLin vitro prevents cytokine independent signalling despite presence
of JAK2°*F. This is consistent with previous repof264). Studies in cell lines
expressingnutant MPL demonstrate the importance of recephmsphorylatioron
downstream signallin@,3,283. However, disruption oftyrosine phosphorylation
sites withih the cytoplasmic domaiMPL had little effect on regulatingAK2"%*"~
induced signallingThis isnot entirely unexpecteas platelets from mice expressing
theMPL receptor | acki ng t haregibncentaarigallé 0 a mi
three phosphorylated tyrosine residues, \gtif able to active the JAK/STAT
pathway284). In these mice, activation of the MAPK awdt signalling pathways
were disrupted; therefore, MPL phosphorylation plays a larger role in activation of
these pathways and is unable to reguld&K2’®*""mediated signalling as
demonstrated by our daf@he box1/2 regions of MPL are important for asgtion

with JAK2 and disruption of these regions results in diminisfi@® induced
signallingand proliferatiofl04). These regionsnay be able to contralAK2'°*~-
induced signalling through disruption of MPL/JAK2 association; however, this has

yet to be examined.

111



Chapter 4

Although numerous studies utilize the Ba/F3 cell line to study MRNsjmportant
to note the limitations of using tee cels. Ba/F3 cells are derived fromurine pre
B cells. Being of lymphoid originntrinsic differences betwedhesecellsand thos
of the myeloid lineagenay affect &perimental outcongeand result in a number of

experimental artefact§or exampleJAK2/%1'F

expression irthesecell lines results
in complete cytokine independendewever,in vivo, JAK2"°*'F confers cytokine
hyperensitivity(179285. Nonetheless studies utilizing cell lines provide
preliminary evidence and rationale for investigation in a more relevant mdoede T
data clearly demonstrate that MPL is required for JXk signalling prompting

further investigatiorinto the role of MPL in JAKZ®'"™ MPN developmenin vivo.
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CHAPTER 5 GENERATION OF A HUMAN JAK2V617F.
POSITIVE MOUSE MODEL LACKING
THROMBOPOIETIN OR MPL

5.1 Experimental Rationale

Results from the previous chapter showing that MPL cell surface expression is

necessary for in vitrdAK2/°1"F

induced transformatiosuggesthat MPL may have

an essential role in myeloproliferation. To further test the hypothesis that TPO and
MPL are indeed necessary for MPN development, we generatedvo models
utilising crosses ofransgenic mice andone marrow chimera3his chapter details

the process of generating thesiee

V617F
26

5.1.1 Lineage restriction of JAK expression in murine HSCs

5.1.1.1 Flip-flop mouse model

Flip-Flip (FF1) mice were generately Tiedt et alusing a bacterial artificial
chromosome (BAC) transgene caniag the first 12 exons of humalAK2 in a
forward orientation and exons -B% containing the ¥17F mutation in a reverse
orientation flanked by antiparallébx71 andlox66 siteg191). 9 consecutie copies

of the transgen&vere integrated ito the genome athromosome 8 band Al, at a
locus near the centromere where the authors report contains no knownlgehiss
orientation, the gene is not expresgddwever,in the presence @re-recombinase
the antiparallelox71 andlox66 sites recombined causing inversion of exon2%3
into a forward orientatiorresulting in expression humaAK2"®'F under the
endogenous humalAK2 promoter Additionally, upon inversion and ligation in the
forward oriettiation, mutantox71andlox66 are ligated forming a neWwx71/66site
which is no longer recognized Wyre-recombinase and a normialxP site(286).
TheseloxP sites are importargsthey allow for excision of extra copies of transgene
2V617F

resulting in expression of only one copy of hund&k
5.2).

(Figure5.1 andFigure
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human JAK2 gene lox71 ANAo SAAL nsmud lox66

exons 1-12 cS-EF enoxs
Cre recombinas
TAS
V617F
i —
—E 1 E (I
human JAK2 gene lox61/71 human JAK2 cDNA o
exons 1-12 {greatiyyoquced exons 13-25
affinity for Cre)
F- : V617F
igure 5.1 Flip-flop human JAK2 transgene

Flip-flop (FF1) mice contain a huma®AK2'®'’F transgene. The first 12 exons are in the cor
orientation while exons 135, which contains the V617F mutation, is in the reverse orient:
flanked by antparallel mutantoxPs i t e s . Presence of Cre recc
13-25 o the correct orientation resulting in transcription of human JAK2V617F. Transcripti
under the control of the native hum3AaK2 promoter.
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5.1.1.2 Tie2Cre mouse

Developed by Kisanuki et al., the Ti€2e transgene contains tiée2 promoter,

Cre cDNA, MT-1 polyA signal sequence and ®eZ2 intron 1 enhancer. The
transgene was microinjected into C57BL/6 x SJloécytes and offspring were
tested for presence of the transgene by PG&2-Cre mice were crossed witGre
mediatedlacZ expressing transgenic mic€EAGCAT-Z or R26R confirming that

the Tie2 promoter and enhancer regions were able to d®regransger expression

in a parendothelial fashion. Although they report no detect#@ expression in
hematopoietic cells in E8.5 yolk sacs, they observe a subset of circulating lacZ
positive cells within the dorsal aof87). Tang et al. showed that thige2Cre
mouse was able to driere transgene expression in 88% of primitive hematopoietic
progenitor cells offie2-Cre;Rosa26REnhanced yellow fluorescent protdiaYFP

E9.5 embryo&@88), suggesting the identity of the lacZ positive dorsaita cells
identified by Kisanuki et al. to be primitive hematopoietic cells. In adult mice, 85%
of bone marrow and 84% of splenic cells fr@me2-Cre;Rosa26REYFP mice were
EYFP' indicating Tie2 expression in adult hematopoietic cells from multiple
lineages. Together these data support Ti@2-Cre inducedrecombination occurs

within a primitive stem cell.
5.1.1.3 Flip-flop/Tie2Cre mouse

The FF1/Tie2Cre mice are generated from a cross betweerFtht and Tie2-Cre

VE17F+
2

mouse and was characterized by Etheridgeale as aJAK ET mouse

V617F
2

mode(149. This mouse expressda\K in its hematopoietic and endothelial

cells and develops pronountcthrombocytosis, neutrophilia and splenomegaly by 16

V617F
26

weeks of ageJAK was not grossly overexpressed in these mice and ranged

from 10-50% of endogenous muridak2"". Expression 0§ AK2/61"F

was present in
all colony forming cells (CFCs) tested frdar1/Tie2Cre mice Figure5.3). Despite
severe thrombocytosis, these mice exhibited attenuated thrombosis following injury

due in part to dysregulatexkpression o¥\WF.
5.1.2 Thpo” mouse

The Thpo” mouse used itthis study was generated by de Sauvage €65al.To
generate th&hpo™ mouse, a targeting vector was engineeretetove 23 amino
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acids of a fragment responsible for receptor binding and actiy@#pand inseria
neomycinresistance ned) geneto disruptthe mouseThpo gene. The targeting
vector was linearized and electoypted intoa 129/Sv murine embryonic stem (ES)
cell ling(289) and selected for neomycin resistance. Selected cells were subsequently
microinjected into C57BI/6J blastogtg. Chimeric males were bred to C57BI/6J
females and offspring were checked for germline transmissiaghe mutant TPO
allele by PCR and Southern blot analysis. Subsequently, mice positie foutant

allele were interbred to generate homozygblgogenetargeted Thpo™) mice.The
authors reported normal Mendelian distribution of litters and afluftc” mice
displayed no overt abnormalities. Northern blot analysiealedno detectabl@hpo
transcripts inkidneys and livers ofThpo” mice and reported a reduction Bhpo
transcripts in both tissues by half in heterozygofem¢’) compared to wildype

(WT). Tpo”™ mice showed an 88% decrease in the number of peripheral platelets

" mice however,

accompanied by an increase in mean platelet voliMiV). Thpo
exhibited a 33% reduction in peripheral platelets. There was no observed
compensaty increase in I3, IL-6 or GMCSF resulting from removal dfhpa
Additionally, disruption of Thpo resulted in no significant difference in other

hematopoietic cell lineages.
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FF1/Tie2-Cre

mJAK2

hJAK2V617F

Figure 5.3 JAK2"*"FExpression in Individual Bone Marrow CFU-G Colonies

RT-PCR of individual bone marrow CFQ colonies to show expression of mouge2 and human
JAK2V617F.
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5.1.3  Mpl” mouse

The Mpl” mouse usechithis study was generated by Gurney €78). To generate
the Mpl” mouse atargeting vectowas engineered toontain a neomycinesistance
(ned) gene under thenousephosphoglycerate kinase(ftkg) promoterinserted into
the third exon ofMpl using asynthetic Notlrestriction site This vector was
electroporated into murin&€S cells and ES colonies positive for homologous
recombination, as detected by a Hindlll site from e gene, were subsequently
microinjected into blastocysts. Once germlinangmission was determined, two
separate lias were interbred to generdtemozygousMpl genetargeted Kipl™)
mice The authors reported no detectaldigl transcripts through RPCR in spleens

of Mpl”™ mice. Mpl” mice showedan 85% decrease in the nuenbof peripheral
plateletsand reduced numbers of megakaryocytes in the spleen and bone marrow
compared to wildype despite having increased levels of TPO in their serum
Additionally, heterozygouspl genetargeted(Mpl™") mice showed no significant
changes in plateletnd megakaryocyte numbays TPO levels in serunmDisruption

of Mpl resuled in no significant differende other hematopoieticell lineages
5.1.4 B6.SJL-Ptprc? Pep?/BoyJ mouse

The B6.SJEPtpré® Pep3/BoyJ mousestrain in on a C57BL/6badkground and
carries a differential allele for protein tyrosine phosphatase, receptor typI©) (
Ptprc®, while WT C57BL/6 strains carry thBtprc® allele. Ptpré® is also referred to as
CD45.1 or Ly5.1 whereaBtprc is referred toas CD452 or Ly5.2. The receptor is
expressedn all leukocytes and because antibodies can readily distinguish between
the two isotypes, this strain has become a widely usdadansplantation studies
(http://jaxmice.jax.org/strain/002014.html).

5.2 Materials and Methods

5.2.1 Mousecolony organization

Breeding pairswere set up and receive a noedundant identifying breeding
number. Malesvereconsidered sexually mature at 6 weeks of age and female mice
at 8 weeks of age. At 10 days of age, mouse pigoesexed, tagged arwhtalogied

using an ear punch method before being placed back into the cage with the mother.
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Males were tagged andcataloguedfirst followed by females. Each mouse
identification numberwasbased on the breeding number of the parents followed by
a mouse number tBrmined by the number of mice a breeding pair has already
generated. The identification numbevererecorded and listed on cage cardaps
receive ear punchassing a 2mm thumb style EP 900 small animal ear punch
(Braintree Scientific, In¢.Braintrege MA, USA) in the following order: single right

and single left, two right, two left, two right and a single left, two left and a single
right or two right and two left. The number of pups for each sex of a single litter has
never surpassed the eight id@able markings listed. The tissue is saved for

subseqgant genotyping as described iacion5.2.2.1
5.2.2 Genotyping of mice
5.2.2.1 Genomic DNA(gDNA) isolation for genotyping

Tissues from ear punches are placed into individdaliglledmicrocentrifugetubes,
corresponding to the mouse identification number. Samples are then digested in

3 0 0 €dll Lysis Buffer Qiagen) withO . 2 ¢ d¢Pfoteihase Kn 10mM Tris-HCI,

pH 8.0at 55°C for 8 hours. Samples are then brought up to room temperature (25°C)
and 100eL of Protein Precipitation sol ut
sample is then centrifuged at 13,00@r 4 minutes to pellet the precipitasad
supernatant then added to 30®@BNA Thesoprop
gDNA is then pelleted at 13,00 or 2 mi nutes and washed
Et OH and r es us pgDNAdhydtation solutbr) FHigDNAS is then

usedfor thegenotypingreaction

5.2.2.2 Conventional polymerase chain reaction (PCR) of genomic DNA for

genotyping

Genomic DNA is isolated as described in Sectbdh2.1 Genotyping is performed
usingHotStarTaq INA polymeraseKit (Qiagen) A final concentration of 1PCR

buffer, 1X Q-solution,4.5mM MgCh,2 00 e M o f ,@2dvhof fonikaidRnd
reverse primer and 0.625U HotStarTaq DNA polymenaas brought up to 25uL
with PCR grade kD in a thin walled 0.2mL PCR tulend run on a Veriti thermal
cycler (Life technologies), primers and annealing temperatures are listeabia

5.1. PCR products were mixed with DNA loading dX: 0.25% bromophenol blue
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Gene Sequence Size Tm’ Ref
(bp) (°C)

FF1 F-5 &AGCAAGCTTTCTCACAAGG3 6 ~500 54.5 | (19)
R-5 AATTCTGCCCACTTTGGTGGC3 6 56.4

Tie2-Cre F-5 &TGCATTACCGGTCGATGCAS3 6 ~300| 57.8 | (290
R-5 ®A\CGTTCACCGGCATCAACGT3 6 59.9
Mpl WT F-5 &AGGAAGAGGCAGCACCCAGTG3 g ~350| 62.2
R-5 &GGAATACAGGGGGCATGCACGS ¢ 62.8
Mpl neo F-5 GAGCGGCTGATGTTGAACTG3 6 ~200| 55.2
R-5 ®A\CTATCCCGACCGCCTTACT3 6 57.6

Tpo WT F-5 &TCGACCCTTTGTCTATCCCT3 6 ~300 | 56.1 | (65
R-5 &GTGAATGTAACCTGGGATAA3 & 51.9
Tpo neo F-5 AAGTATCCATCATGGCTGATG3 6 | ~350| 55.4
R-5 @AGCCAACGCTATGTCCTGATA3 6 52.3

“in 50mM NaCl
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(wiv), 0.25%xylene cyanol FF (w/v), 30% glycerol (v/v)) to 1X and resolved using
1.5% agarose gels in TBE containing 0.2ug/mL EtBr at 120 volts for 50 minutes.

5.2.2.3 Quantitative PCR (qPCR) of genomic DNA for genotyping

Genotyping of transgenic mice to determine allebpy number was accomplished
using a TagMah Copy Number Assay (I'nvitrogen)
instructions. Reaction components include TagRlaBenotyping Mastermix,
TagMarf Copy Number Assay, TagM&rCopy NumbeReference Assay and 20ng
gDNA. The TagMan Genotyping Mastermix contains Amplifadsold DNA
Polymerase, UP (UltraPure) and dNTPs necessamaifget gene amplificatio he
TagMarf Copy Number Assay contains unlabeled forward and reverse primers for
the gene of interest in addition t@aarboxyfluorescein EAME) dyelabeledminor
groove binder NIGB) probe thatbinds a sequence dhe targetgenebetween the
forward and reverse primershe TagMafi Copy Number Reference Assay used
similar to the TagMah Copy Number Assay but ifsrward and reverse primeasd

VIC® dyelabeledtetramethylrhodamineT(AMRAE) probe recognizesthe mouse
transferrin receptor gendrf€) and serves as an internal contrdhe reaction is
considered a duplex reaction as both sets of primers and prabassaryed in the
same reaction mixtureGenomic DNA is isolated as described in 4.2.2.1, the
concentrationis then quantified using a NanoDrop spectrophotometer (Thermo
Scientific) and diluted in D to 5ng/uL.When all the components of the reaction
probes are added to the PCR reaction, there is no detectable sigelse the
proximity of the quencher to the FAM or vIC® dyelabeled reporteprevents
detection ofthe reportersignal. When the reactioproceedsthe gDNA tenplate is
denatured, the forwamdreverseprimersandthe probes anneal to their target gene
sequencesDuring the elongation stepheé AmpliTad Gold DNA Polymerase
amplifies both the target and reference sequeht®sever, because the probes bind

to a sequence between the forward and reverse primers the AnfipGhid) DNA

Pol ymerase uses its 56 nuclease activity
elongation step. As a result, the dye is released andgtied & no longer quenched,
allowing for detection with each round of amplificatigkssays were performed in
96-well plates with samples assayed in duplicki&ch plate contained the unknown
samples, a sample of a known copy number (calibrator sampdeq @o template

control sample.The FF1 transgene was assessed w(lopy Number Assay
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Hs02201428 cn falJAK2 TheTie2Cre transgene was assessed v@ibpy Number
Assay Mr00635245 cn focre. Mouse transferrin receptofifc) was used asn
internal reference gene (4458366, Invitrogeihe reaction was run on an Applied
Biosystems/300 RealTime PCR System. &la wasinterpretedusing 7300 System
Software andanalysedusingCopy Cal | er E Qrmvifrdgemp Fiee-Crev 2 . 0

homozygosity was determined usifiggman Copy Number assays toe.
5.2.3 Hematopoietic cell transplantation
5.2.3.1 Preparation of donor bone marrow

Primary murine bone marrow was isolated as describ8edtion2.1.2 counted and
resuspended in DPBS &t0 x 10’ cells/mL. Prepared cells are kept on ice until

needed.
5.2.3.2 Bone marrow transplantation

48 hours prior to transplantationg86neek old recipient nae are placed on antibiotic
water containing 400mg/L sulfamethoxazole and 80mg/L trimethoprim. Mice are
lethally irradiated, receivinga single 1000Gy doseof gammairradiation (Stony
Brook University Division of Laboratory Animal Resource@DLAR) cesium
source) Following irradiation, mice are anesthetized using isofluranesabid 10°

cells, 0.1mL of the prepared cells describedSettion5.2.3.1 are injected retro
orbitally into each mouse using a 28GY2 insulin syringe. Antibiotic water is replaced
every other day for two weeks pédsinsplant and every-8 days thereafter until

mice areat least 90%econstituted
5.2.3.3 Submandibular bleeds

Mice are anesthetized using isoflurane amshesection is performed along the
submandibular veirusing amousebleedinglancet (Goldenrod, MEDIpointinc.,

Mineola, NY). Approximatelyl0 0O e L of Dbl ood is coll ected
blood collection tub (BD Biosciencep to prevent clot formationA sterile gauze

pad is applied to the wound with little pressure and bleedeggesn under a

minute if not immediately.
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5.2.3.4 Determination of bone marrow chimerism

50eL of peri pher almandbuobtted@aodedcribed8eetdn vi a s
5233i s added to 450e¢eL of DPBS and then RB
a 0.8% NHCI, 0.1mM EDTA solution, vortexed and kept on ice for 5 minutes. The

sample is then centrifuged at ®0@nd washed 3x with DPBS. Cells were then
resuspended in 100eL DPBS + 1% BSA and ¢
antimouse CD45.1 clone A20 (Biolegg, 110729 and Alexa Fluor 488

conjugated amtmouse CD45.2 clone 104 (Biolegend, 109815) antibodies at 1:100 in

the dark at 25°C for 30 minutes. The staining reaction was stopped by addition of
400egL of DPBS + 1% Bulsedsingfovwccgtdnietsy wer e t h

5.2.4 Mpl cell surface expression on platelets

Mouse plateletsvere obtained fromlbod collectedfrom mice via cardiac puncture
immediately following CQasphyxiation. Blood was drawnto a syringe containing
acid citrate dextrose (ACDBD Bioscience} at a 1:9 ratio and diluted with an

equal volume of Wash Buffé.50 mM NacCl, 20 mM Pipes, pH 6.5) and centrifuged
at 60 for 10 min to isolate platelet rich plasma (PRR).subsequently isolate
plateletsPRPwascentrifugedat 240g for 10 min ad resuspended it NR40 lysis

buffer with inhibitors and subjected to western blot analysis (Seetifn
5.2.5 JAK2'%F Expression

Bone marrow neutrophils (BMNs) were isolated using a Neutrophil isolation kit
according to the manufacturerds protocol
usinganRNeasy mini kit foll owing the manuf a
was prepared as described?id Human/mousdAK2 cDNA ratios were calculated

using Tagman Gee Expression assays Hs01078117 ml and Mm01208495 m1l
(Applied Biosystems) for humaiK2 and mousdak2 respectivelyStandard curves

were generated from linearized pcDNAS3.1 plasmids containing either hliiéh

or mouseJak2
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5.3 Results

5.3.1 Breeding of FF1" Tie2"" mice

To generate mice expressidgK2’%*’Fin their HSCsFF1"" mice were mated with
Tie2-Cre"* mice. These matings generated desiéd ™ Tie2”” mice andTieZ”
littermate controls. Litters exhibit nedMendelian patters of inheritance wit a
prejudiceagainstthe FF1" Tie2” genotype Only 80 of 400 pupsfrom 88 litters
were FF1"Tie2”, 20% compared to the expected 50%8<(.0001, twetailed
bionomial test (Figure 5.4). Mean litter size was 8.with 54.75% females.This
mouse has been previously charactel(z49).

5.3.2 Breeding of FF1 " Tie2"Mpl™ and FF1* Tie2""Mpl*" mice

Mice expressinglAK2"°*"Fin their HSCs in the absence il were generated as
depicted inFigure 5.5. FF1 and Tie2Cre mice were crossed witMpl” mice to
generateFF1""Mpl*" and Tie2”Mpl"" mice. These mice were then lr¢o Mpl”
mice to generat&F1""Mpl” and Tie2""Mpl” mice. To maximize the number of
usable mice and to overcome the partial embryonic lethalifyFaf’ Tie2"”" mice
mentionedin 5.3.1 TieZ”Mpl” mice were crossed to generafée2”"Mpl™,
Homozygosity forTie2Cre was determined using gPCR as described.ih2.3
Finally, TieZ”*Mpl” mice were crossed witkF1""Mpl” mice to generat&F1*"
Tie2"Mpl” experimental mice along withTieZ”Mpl” littermate controlsas
depicted inFigure5.5. Litters exhibied non-Mendelian patterns of inheritance with
only 14 pups born of 301 pups in 64 litters befl” Tie2”Mpl™, only 4.65%
compared to the expected 50% (P<0.0001,-taNed binomial test) Figure 5.4).
Mean litter size was 4.625 with 49.44% femalesdditionally, to generat&F1""
Tie2”"Mpl*- mice, FF1""Mpl” mice were crossedith Tie2”* mice or FF1*"" were
crossed withTie2""Mpl” miceto generat&F1" Tie2” Mpl*" experimental mice and
Tie2"Mpl*™" littermate controlsas depicted inFigure 5.6. Litters exhibied non
Mendelian patterns of inheritance with o@pups born o#3 pups in9 litters being
FF1"Tie2"Mpl*", only 18.6% compared to the expected 50%@@0L3, two-

tailed binomial test)Rigure5.4). Mean littersize was 5 with 54.17% females
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* FF1"Tie2-Cre™ = Tie2-Cre™ = FF1"Tie2-Cre“Mpl™ = Tie2-Cre" " Mpl™

* FF1"Tie2-Cre"Mpl” = Tie2-Cre"Mpl" * FF1"Tie2-Cre"Tpo” = Tie2-Cre"Tpo”

Figure 5.4 Proportion of experimental miceborn

Proportion of (A) FF1"Tie2-Cre™ (B) FF1"Tie2-Cre”Mpl*" (C) FFI'Tie2-Cre”Mpl” and (D)
FF1"Tie2-Cre” Tpo’ mice ban are shown in blue. Based on the experimental design, experin
mice are expected to consist of 50% of the litter.
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Figure 5.6 Schematic Depicting Breeding Strategy to GeneratdAK2"®*""*Mpl*"
mice

Mice generated during breeding BF1" Tie2-Cre”"Mpl” mice were bred to generaf1"Tie2
Cre"”"Mpl*" mice andTie2-Cre""Mpl™" littermate controls
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5.3.3  Mpl expression inFF1 " Tie2"Mpl™ and FF1*Tie2""Mpl*" mice

To confirm the phenotype dfipl” andMpl*" mice, Mpl expression waanalysed by
western blot(Section2.5) in platelets isolated froncongenitalFF1" Tie2""Mpl™”,
FF1"Tie2"Mpl"" and control micePlateletMpl expression was halved iMpl
heterozygousMpl*") mice compared t&®VT mice and Mpl” mice had undetectable
levels of Mpl(Figure5.7). Additionally, JAK2"°*’F expression resulted in increased

Mpl expressioron both aNTandMpl*” backgroundFigure5.7).

5.3.4 Breeding of FF1* Tie2” Thpo” mice

Mice expressinglAK2"°*’Fin their HSCs in the absence of TPO were generated as
depicted inFigure 5.8. The strategy for generatifgF1" Tie2” Thpo' mice is the
same as d@issedfor FF1" Tie2”Mpl™ in 5.3.2but in place ofMpl” mice, here
Thpo” mice were usedor breeding Litters exhibit noAMendelian patterns of
inheritance with only7 pups born of76 pups in22 litters beingFF1* Tie2”" Tpo™,

only 9.21% compared to the expected 509%«<@R®@1, two-tailed binomial test)
(Figure5.4). Mean litter size wa8.45with 46.5®6 females

5.3.5 PlasmaTPO levels inFF1* Tie2” Thpo' mice

To confirm the phenotype 6Fhpo™ mice, plasma TPO levels were measured by
ELISA as described irBection2.8 TPO levels inFF1" Tie2" Thpa" mice were
below the limit of detection confirming the absence of circulating TPO in mice on a
Thpo™ background Figure 5.9). TPO levels inFF1"Tie2Z” mice were reduced
compared toWT (Figureb.9).

5.3.6  JAK2'5F expression in neutrophils isolated from congenitaFF1*"
Tie2""Mpl”, FF1* Tie2""Mpl*" and FF1* Tie2" Thpo’ mice

Levels of JAK25YF expression in théF1" TieZ” MPN mouse model has been
previously reported49. To ensure that manipulation of eithétpl or Thpo
expression does not alter the leveldaK2"°’F expression,JAK2 expression in the
generated models was testesi detailed in Sectiob.2.5by Dr. S. Leah Etheridge
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JAK2"®*F expression was comparable to endogerak® There was no significant
difference in levels ohJAK2 expression betweeRF1"” Tie2", FF1" Tie2"Mpl™,
FF1"TieZ"Mpl"" andFF1" Tie2”" Thpd" mice Figure5.10).

5.3.7 Generation of FF1" Tie2""Mpl” mice through bone marrow

transplantation

To generatd AK2"°*"FMpl™ transplant miceFF1" Tie2”"Mpl” donor marrow was
transplanted intdVpl”~ recipients.Due to its critical role in hematopoiesislpl”
marrow has severely decreased repopulating ad®@ty Therefore, to ensure
engraftment of donor marrow and rather than recovery of recipient marrow, donor
cells lackingMpl were transplanted intvpl” recipients rather thaW/Ts. Control
transplants weralsoperformedand includeWT into WT,FF1" Tie2"" into WT, and
Mpl” into Mpl”™ as summarized iffigure 5.11. Chimerism was checked by flow
cytometry and conttomice were at least 90%econstitutedby 8 weeks post
transplant Figure5.12). Despite successful colonizationMpl” or JAK2"*"FMpl

" donor marrow in irradiate'T recipients, there was a significantly increased death
rate whenMpl”™ or JAK2"®Y"FMpl” donor marrow was transplanted inkapl”

recipients compared to other transplant grofpguie5.13).

5.3.8  Generation of FF1* Tie2" Thpo’ mice through bone marrow

transplantation

To generate]AK2®"™*Thpo” transplant modelFF1" TieZ” Thpo™ bone marrow
was transplanted intbhpo’ recipients As TPOis synthesized primarily in the liver,
transplantation into &hpo’”~ background results in a functionalljhpo’ mouse.
Control transplants were also performed and inchweéinto WT, FFI Tie2”" into
WT andWT into Thpo”™ as summized in Figure5.11. Chimerism was checked by
flow cytometry and control mice were at least 988¢onstitutedby 8 weeks post
transplant Figure5.12).
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Figure 5.7 Murine platelet Mpl expression

Western blot analysis of MPL on platelets frahI, JAK2V g, 7" (VF'), Mpl™", JAKV g, F Mpl*"
(VE'Mpl*"), Mpl”™ and JAK2V ¢,/ Mpl”™ (VF*Mpl”) mice at 16 weeks of age. Numbers repres
densitometric quantification of protein levels normalizetiMa
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Plasma TPO (ng/mL)
N
|

Figure 5.9 Plasma TPO levels

Plasma TPO levels ifipo transgenic mice. Plasma was collected frorwegk oldWT, JAK
(VF), Tpo" and JAK2"**"™Tpo" mice and TPO levels were quantified by ELISA. Each data
represents a single mouse and bars are presented as mean *s.e.m; asterisks indicate si
compared tonT.

2V617F+
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Figure 5.10 Human JAK2"®*"F* expression relative to endogenous mousak2"’
gPCR quantification of humadAK2/¢,F expression relative to endogenous malede? expression
in neutrophils from WT, JAKN g+ (VFY, JAK2VgFMpl™" (VF'Mpl™), JAK2VgFMpl”
(VF"Mpl") andJAK2V ¢, 7/ Tpo’ mice. Data is normalized to Viand presented as mean +s.e.m.
This work was performed by Dr. S Leah Etheridge.
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Figure 5.11 Generation of JAK2"*""*Mpl™" and JAK2"®*"F*Tpo’ mice by

transplantation.
Bone marrow transplants were utilized to geners&2'®*""Mpl” and JAK2"**"F*Tpo’ mice to

better simulate acquisition of ti&K2'**’"F mutation.
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Figure 5.12 Representative chimerism plots forJAK2/%*""*Mpl ™~ and

JAK2Y8YFTpo’ transplant models

Peripheral blood waanalysedby flow cytometry for CD45.1 vs CD45.2 expression in transp
models where possible. (A) Control samples. (B) Transplants for genedaié#/®*""Mpl” and
JAKDITF TG
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Figure 5.13 Survival proportions for JAK2/5Y"™Mpl” and JAK2"51"FTpo”
transplant mice.

Survival of transplant mice was monitored for 16 weeks-frastsplant (112 days) and subjected
Kaplan-Meier survival analysis. Overlappimgirves have been nudged for ease of viewing.
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54 Discussion

5.4.1 FF1"Tie2", FF1*Tie2"Mpl™, FF1"Tie2" Mpl*" and

FF1*Tie2” Tpo” mice exhibit non-Mendelian patterns of inheritance

Although generation ofFF1"TieZ”, FF1"TieZ”"Mpl”, FF1" TieZ"Mpl*" and
FF1"Tie2"Tpo™ mice was successfulhe number of viableexperimental mice
generatedwas vastly disproportionate from that expected based on the breeding
schemeThere was no report of ndviendelian inheritanc@atternswhen theFF1
mouse was originallgenerated osubsequentlynated withVawCre or Mx-Cre to
generatéd-F1/VawCre and FFL/Mx-Cre mice, respectivelf191). Genetic analysis of
FF1"TieZ” mice reveals noMendelian inheritanceThe average litter size
reported for C57BL/6J mice by Jackson Laboratories is 4.9
(http://ko.cwru.edu/info/breeding_strategies_manui),pwhich is similar to the
average litter sizes observed from mating pairs gener&tfij Tie2”, FF1"
Tie2"Mpl” and FF1" TieZ""Mpl*" mice Therefore, the noMendelian pattern of
inheritance exhibited for these matings may not bea result of embryos being
prematurelyresorbedn utera In contrast, average litter size is reduced in matings
generatingFF1" Tie2" Tpo” mice. Thus it is possible that a smlahmount of
embryonic lethality is occurring. However, this average is laimto the average
litter size for generation 6fpa’” mice, which is 3.8 for our colony, suggesting that
the decreased litter size is not due to embryonic lethality resulting from expression of
JAK2%YF The decreased litter size fafpo” compared toMpl” mice is not
unexpected as there are a number of clinical mutatlmatshave been described in
MPL(56,98) causingCAMT eventuallyresultingin complete bone marrow failure,
yet there is only one report of a mutation in TRiledo recapitulate the dise§#6).

As TPO and MPL comprise of the same signalling axis, this suggests tloaigalth
MPL mutations are detrimentait is possible that mutations in TPO are lethal
Although it seems that introduction of thEAK2'°*’F mutation is not causing
abortion and resorption of embryos, it cannot be ruled The. Tie2 promotor is
active in the haemangioblag287), a precursor to HSCs and endothelial
cellg¥Reviewed in(30)), and inducing]AK2"®*"F expression so early on in our mouse
model could be deVepmentally detrimentalStudies of angiogenesis in MPNs

revealed increased microvessel density (MVD) in MPN paii248. Additionally,
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CD105-MVD, which are indicative of newly formed vessels, correlatgth
JAK2®YF allele burde(291). It is possible that becaus@AK2®'’F is being
expressed during early developmeint our congenital modelsit results in
dysregulated angiogenesis resulting in loss of embryos. IntroductidAksd’*’"
during adulthoodas modelledvia our transplant modelsloes not result imeath
resulting from introduction of the mutadAK2 Although this suggests a defect

V617F.
2

resulting from early expression QAK ; the actual effects on embryonic

development have not been assessed.

It is notable that platelet counfisr FF1” Tie2” at 4 weeks are indistinguishable to
counts fromWT mice suggesting the possibility thRE1" Tie2” mice having a
more severe phenotype are naturally aborted prior to bitiditional genetic
experiments would need to hmerformedto determine the cause of the Ron
Mendelian inheritance pattern observedFRl” Tie2”, FF1" Tie2"Mpl”, FF1*"
Tie2"Mpl"" andFF1" Tie2" Tpo’ mice.

5.4.2 Mpl expression is increased whe#AK2/**"F is co-expressed

In FF1*"Tie2"" mice, Mpl expression is increased whaAK?2/®*'F

Is co-expressed

This is in contrast toa report thatMpl can be downregulated specifically by
JAK2%1"F(292). Additionally, reducedVIPL expressiorhas been reportéd platelets

and megakaryocytes of MPN mitg238-241). However,MPL expression in these
patients was assessed after development of thasdis¢herefore, it is difficult to
distinguish if reduced MPL expression is a contributing factor or consequence of
MPN development. Later studiesported heterogeneity ®PL expression within
patient$243-247). Thus, the correlation betwedhPL expression in MPNs remains
weak. It is possible that in our mice, the expression of hum&®’°*’" in addition

to expression of endogenommuselak2results inthe observed increase MPL as

JAK2 acts to stabilize the recept®s5). Another possibility is thaMpl expression
decreases with disease progression. We bale examined expression at a single
time point; however, monitoring MPL over time in our model or in patients will
provide important information about the relationship between MPL and disease
progression. Although this has not been performed in thiy,siuig currently under

investigation.
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5.4.3 JAK2'5F expressionlevelsin FF1*Tie2" mice is physiological and is

unaltered upon modulation ofMpl or Tpo expression

Since the identification aJAK2"**"Fin 2005, a number of mouse models have been
develgped in an effort to better understand the underlying mechanisms associated
with disease development and progression (Reviewé2biB)). The earliest models
utilized BM transplantation of retrovirally transduced BM cells. Although these

studies were able to show thank2/6’"

expression is sufficient for MPN
development in mice, exgssion levels were varied and sometimes super
physiologica{186-189). However, in theFF1 mouse generated by Tiedt et al,

2/°YF remains under the control of the minindK2 promotor.

expression ofJAK
Therefore, when th&F1 mouse was crossed with eithéavCre or MxCre mice,
mutant JAK2 expression wadess than half of or equal tendogenouslak2
respectively. This is in stark contrast to the tHi@d higher expression of mutant
JAK2 reportedin retrovirally transduced BKL91). JAK2'°*"F expression irFF1*"

Tie2” mice wascomparable to endogenodiak2 mirroring the ratio ofJAK2'17F ¢

0
JAK2VT reported ingranulocytes ofET patient§191). This level of expression

supports the Eike phenotype observed FF1" Tie2-Cre"’” mice(149).

In approximately 30% of PV patients, a mitotic recombination event results in
duplicationeventresulting in homozygosity faJAK2/°*%(179-181,285). Although

these patients have progenitor cells thatrem®mozygous fod AK2/%*'F,

overall they
exhibit a combination of homozygous, heterozygous and WT progd@idys
Based on the breeding strategy to genetat?’®*’" (FF1" Tie2Cre'") mice in this
study, it is expected that the mice are heterozygousthHer mutant allele.
Homozygosity resulting from a gene duplication event was not analysed. The
JAK2®*F mutation however, was present in all granulogyEcrophage progenitors
tested. Although this is not common in MPN patieittis conceivable that in a truly
clonal disorder, expression of mutabAK2 is present in the majority of cells.
Additionally, because there is a selective advantage for mutant prog@8®ys
with time, the proportion ofJAK2"**"~-positive cells predomate$183. In fact,
there are clinical reports ofJAK2®F expression in 100% of tested
progenitor§183295296).
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5.4.4 Transplantation modelsof JAK2'51""Mpl”- miceexhibit decreased

survival

To mimic the conditions of an acquired mutation, BM transplants were performed to
introduceJAK2"®*"F in the bone marrow of aduWT, Mpl”~ or Tpo” mice WT and

Tpo” recipientmice were largely unaffected by irradiation and transplantation. In
contrast, Mpl”~ mice exhibited decreased survival ptshsplantation despite
achieving at least 90% chimerism. Ifileely that this is due to stem cell exhaustion.
Although Mpl™ mice are able to survive to adulthood without overt complications,
humans lacking expre®n of functional MPL develop CAMT and suffer from stem
cell exhaustion in childhood, necessitating a bone marrow tran@g8anthen

Mpl” bone marrow is transplanted into irradiated recipients, it must repopulate the
BM compartmentAs a high percentage of chimerismashiered these cells are
capable of differentiation ttulfil this role. However, because MPL iscessary for
maintenance of HSC®4), it is possible that the capacity of the original pool of
HSCs from theMpl” mice to maintain normahaematopoiesids diminished

resulting in bone marrow failure and subsequent death.

Despite the unexpected ndfendelian inheritance patterns observedJaK2/¢’

mice, in this chapter, we have generated viabdk2’®*""Mpl*", JAK28Y"FMpl”-

and JAK2"*Y"™Tpo” mice by genetic crossings. Additionally, we have generated
JAK25YFMpl” and JAK2®*YF*Mpl” mice by transplantation to recapitulate
acquisition of the mutation as with the human disease. These mouse models will

allow us to study the roles of MPL and TPO in MPNB vivo
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CHAPTER 6 THE ROLE OF THROMBOPOIETIN
AND MPL IN MYELOPROLIFE RATIVE NEOPLASM
DEVELOPMENT IN VIVO

6.1 Experimental Rationale

Results from th@reviouschapter demonstrate tHdPL expression is necessary for
JAK2"® " mediated signalling and proliferatiam cell lines,thein vitro correlate of
myeloproliferationin vivo. However its rolein MPN developmenih vivo has yet to

be demonstratedTherefore, in this chapter, we sought to determine the role of MPL
in MPN development utilizing a JAK2'""-positive MPN mouse model.

Additionally, since TPO was able to indugéiigher level of JAK/STAT signalling

in the presence of JAK2'F, the role of TPO was also determined.
6.2  Materials and Methods

6.2.1 Complete blood counts

Whole blood was collected by submandibular bleeds, as described in A&83,
used to perform complete blood counts. Couvese performed on a Hemav&50

(Drew Scientific, Inc. Miami Lakes, FL, USA, whi ch draws 20¢lL
for each count directly from the blood collection tube. To ensure accurate and
consistent resultsprior to each round of counts, a background reas taken
followed by a count using a fixed mouse blood control from the manufacturer, which
was then compared to known values. Complete counts include white blood cells
(WBC), neutrophil (NE) count and pmmtage, lymphocyte (LY) count and
percentage, monocyte (MO) count and percentage, eosinophil (EO) count and
percentage, basophil (BA) count and percentage, red blood cells (RBC),
haemoglobin(Hb), haematocrit(HCT), mean corpuscular volume (MCV), mean
compuscular haemoglobin(MCH), mean corpusculahaemoglobinconcentration
(MCHC), red blood cell distribution width (RDW), platelet count (PLT) and mean
platelet volume (MPV).
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6.2.2 Colony Forming Cell Assay

Myeloid colony forming asays were performed in methylcelluldsesed medium
containing 15% FBS2% BSA, 2mM L-glutamine, 5 x 1M b-ME, 10ug/mL rh-
insuin and 200ug/mL human transferrin in the presence or absence of 50ng/mL
recombinant murinemSCF, 10ng/mLrmiL-3, 10ng/mLrmIL-6 and 5IU/mLrhEpo
(R&D Systems)Bonemarrow cells weréarvested as described in Sectih.2and
plated at 1 x 1bper dish in triplicate. Plates were incutmhitat 37°C with 5% CO

for 7 days at which point colonies were scored by morphology. Single colonies were
harvested from plates and lysed for mRNA analysiprasiously describgd49).
Megakaryocyte colony forming assays were performed in colagetaining
mediumcontaining 1% BSA, 40g/mL rh insulin, 20Qig/mL iron saturated human
transferrin, 4% lipid solution, 1 x ™ b-ME, 2mM L-glutamine(MegaCuIi:: -C
Collagen and Medium with Lipids; Stem Cell Technologigs)the presence or
absence of 50ng/mL rhTPO and 10ng/mL ra3llBone marrow cells were plated at

1 x 10 per well of adoublechamber slide§tem Cell Technologigsn duplicateand
incubated at 37°C with 5% GQor 7 days. Colonies were dehydrated, fixed in
acetone and stained for 6 hours in acetylthiocholine iodide (Sfddrech)

foll owing the manufacturerds suggested pl
6.2.3 Flow Cytometry

E-SLAM HSC enumeration: MurindBM cells were harvested as described in
Section 2.1.2 Red blood cells were lysedt 4°C for 10minusing a 1:10
DPBS:ammonium chloridesolution (15.5mM NH4CI, 1.2mM NaHGCO 0.1mM
EDTA) followed by 3 washes with DPBS. x 1@ cells were stained using CD45
(Clone 104) (BiolegendSan Diego, CA, USA EPCR(CD201) (Clone eBio1560),
CD48 (Clone HM481) and CD150 (Clone mShadl150) (eBioscierfsan Diego,
CA, USA) antibodies. CD4EPCR(CD201)CD48CD150 cells were considered
E-SLAM®. Spleen erythroblast determinatiokturine spleens were obtained and
homogenizedSingle cell suspensionsere obtained by syringe filter through a
100um filter baskt. A red cell lysis was performed and celsre stained with
antibodies to murine TER119 and CD71 (Clone RI7217) (Biolegend). Flow
cytometric analysis was performed on a BD Accuri C6 Flow Cytometer (BD
Biosciencepusing FCS express software (De N@&atware, Glendale, CA, USA
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6.2.4 Histology

For histological analysis of bone marrow, femurs were collected and epiphyses were
removed, bones were then fixed in 4% paraformaldehyde for 24 hours and
decalcified using Richard | | a n ScientificEn Omeonal ci fyi
Scientific) following manuf aestnu rtehribécsk niemsss
were stained withhaematoxylinand eosin (H&E)For analysis of spleens, spleens

were harvested and weighed. To control for differences resulting from intrinsic
differences in size between males and females, spleens weights are represented as

percent total body weight.
6.3 Results

6.3.1 Mpl and Tpoare necessary for development ofAK2"/%*"F-positive
MPNs

Transgenic mice expressing humadk2'°1’(149 were studied in = Mpl
homozygous null JAK2'5Y"FMpl™), Mpl heterozygous JAK2"82"FMpl*") or Tpo
homozygous null JAK2°*"™Tpo”) background. PlateleMPL expression was
halved inMpl heterozygousNpl*™") mice compared t®pl homozygousNT mice
(WT) (Figure 5.7). Additionally, JAK2"®*F expression resulted in increasitpl
expressionKigure5.7). Levels ofJAK2"°*’FcDNA ranged from 10% to 50% that of
the endogenous murinlAK2(149), close to that expected in blood cells of patients
with MPNs expressing a single copy of the mutant kinase.

JAK28F expression in HSE resulted in MPN development by 12 weeks of age
with a significant increase in plateletigure 6.1A) and neutrophil countRigure
6.1B) but no change ihaematocrior red blood cell countHgure6.1C andFigure
6.2) compared toVT.

DespiteJAK2/%*"F expression, in the complete abse ofMpl (JAK2/®*"F*Mpl™) the
mice remained thrombocytopenic, with platelet levels similar to thaMplf”
controls Figure 6.1A). When Mpl expression was halvedIAK2"°*"FMpl*),

V617F+
2

platelet counts were significantly decreased comparedA controls, to

levels comparable witlVT mice Figure6.1A). Neutrophil counts were also reduced
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Figure 6.1 Platelets, neutrophils and haematocrit of congenitalAK2"®*""Mpl
and JAK2®""Tpo mice

(A) Platelet B) neutrophil counts andC) haematocrit were monitored for 16 weeks after birttWi
JAKN 1F" (VFY), JAKV g1F Mpl™ (VF"MpI™), JAKV 617 Mpl”™ (VF"Mpl™) andJAK2V ¢, F Tpo
" (VF'Tpo”) mice. Data are presented as mean +s.e+13-9 mice per time point.
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in JAK2'5Y"MMpl*"" compared tdAK2®*"™ mice, but were significantly higher than
WT controls at 16 weeksFi{gure 6.1B). Tpo ablation (AK2"*1"™Tpo") also

V617F+
2

significantly decreased platelet number comparedAtid controls. However,

expression ofJAK2/°!7F

was able to increase platelet counts overetiton levels
comparable toWT levels Eigure 6.1A). Neutrophil countshaematocritand red
blood cell counts iRAK2"5Y"™Tpo” mice were not signifiaatly different fromWT

(Figure6.1B-C andFigure6.2).

The uptake and destruction of TPO by platelet MPL is a major regulator of
circulating TPO lbod level$297). As expected, the thrombocgdmia observed in
JAK21™ mice resulted in reduced TPO plasma levels, whetdas™ and
JAK2Y"Mpl” mice showed significantly increased plasma TPO leviigute

6.4). Mpl"" and JAK2"®"FMpl*" mice show a slight increase compared\td and
JAK25Y™ mice and Tpo” mice are completely TPO deficienfFigure 6.4).
Increased bioavailability of TPO may provide a potential explanation as to why the
JAK2®Y"PMpl*" mice display a moderate increase in platelet and neutrophil counts
at 16 weeks Rigure 6.1A-B) and is also demonstrated by the increased baseline
platelet count iMpl™" mice, compared tMpl” mice.

We previously reported that thisAK2"®* "™

mouse model develops splenomegaly
with abnormal splenic architecture, elevated number of megakaryocytes and
significant expansion of primitive (TER19" CD71") and more mature (TER19"
CD72) erythroblasts in the sple@9. In the absence of, or with reduced
expression oMpl, splenomegaly was significantly reducdd £ 0.0166 andP =
0.0181, respectively compared 38K2"**"™ by oneway ANOVA; Figure 6.5E-F).
Removal ofMpl (JAK2'8Y"FMpl™) significantly decreased the number of splenic
megakaryocytesHgure 6.6A-B) and splenic erythrocyte expansion was reduced in
JAK2TFMpl™ and JAK2"*"F*Mpl*" mice Eigure 6.7). Conversely, removal of
Tpo was not effective in reducing spleen size and weight as evidenced in our
JAK2"*Y"™Tno’ mice Figure6.5). Splenic megakaryocytes were more prevalent in
JAK25YFTpo" compared tdAK2/%*F mice although average megakaryocyte size
was reducedHigure 6.6A-C). We also observed an expansion of splenic -TE®

CD71" erythroid progenitors in these miffeigure6.7).
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Figure 6.2 Blood counts forJAK2V®Y"™Mpl*" and JAK2Y5Y""Mpl” mouse

models.

Blood counts were monitored WT, JAK2/5Y™ (VF*), Mpl*", JAK2"**™Mpl*" (VF*Mpl*"), Mpl™
andJAK 28 Mpl” (VF*Mpl”) mice over a 1@veek period. Data are presented as mean +s.e.nr
3-9 mice per time point.
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Figure 6.3 Blood counts for aJAK2**"™Tpo” MPN mouse model.

Blood counts were monitored over a-w@ek period inWT, JAK2®'™ (VF*), Tpo~ and
JAK2'5T™Tpo’ mice. WT and VF counts are the same in Supplemental Figure 2 for compa
purposes. Data are presented as mean ts.e.m:hmiGe per time point.
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Figure 6.4 Plasma TPO levels in congenitalAK2"°*""Mpl and JAK2"** " Tpo
mice

PlasmaTPO levels inMpl and Tpo transgenic mice. Plasma was collected frormwkgk oldWT,
JAK2'STF (vEN), Mpl*, JAK2"ST P Mpl™ (VE*MpI™), Mpl”, JAK2V g, FMpl”™ (VE*Mpl™), Tpo”
and JAK2"%1"Tpo" mice and TPO levels were quantified by ELISA. Each data point represe
single mouse and bars are presented as mean £s.e.m; asterisks indicate significance cowipare
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Figure 6.5 Spleens of congenital AK2**""Mpl and JAK2"®*""Tpo mice

Representative spleens and weights of spleens harvested from 16 week old mice. Data are |
as mean £s.e.nm = 3-9 mice per time poinScale bar, 3mm.
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Figure 6.6 Spleen megakaryocyte analysis

(A) Representative H&E and VWF stained spleen sections f1aK2'**’"™ mouse models witt
megakaryocyte (B) count and (C) size. Scale bar, 50um. Bars are presented as mean +s.e.m
indicate significance compared\dT, ** PO 0 . OROOL ,0 . *0*P O a ® d 0 3-waly ANOVA €
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