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Abstract

Some myelodysplastic syndrome (MDS) patients present with macrothrombocytopenia
due to impaired megakaryocyte (MK) differentiation. Transgenic mice that express the NUP98-
HOXD13 (NHD13) fusion gene is a model for MDS and recapitulates the key features of MDS.
The study investigated the hypothesis that expression of NHD13 disrupts actin architecture
during MK differentiation leading to macrothrombocytopenia. To test the hypothesis, sternums
were stained with hematoxylin and eosin, and evaluated by light microscopy to analyze MK
morphology in vivo. NHD13 bone marrow (BM) contained many dysplastic MK. BM from wild
type (WT) and NHD13 mice were also flushed, cultured in media supplemented with
thrombopoietin only or with estrogen to induce proplatelet formation, and MK harvested after 5
days. Harvested MK and BM cores were processed and analyzed by transmission electron
microscopy (TEM) to detail the ultrastructural features. TEM of MK revealed that NHD13 leads
to formation of an irregular demarcation membrane system and fewer proplatelets. Cultured WT
and NHD13 MK were also cytospun onto glass slides, labeled with fluorescent-tagged F-actin,
a/B-tubulin and myosin lla, and their cytoskeleton compared. Interestingly WT MK had actin
either distributed evenly or predominantly in the periphery of the cytoplasm, NHD13 MK
displayed only the former phenotype. Additionally, proplatelets lacked actin cytoplasmic
extensions. The results from the present thesis demonstrate actin expression and architecture
are impaired in dysplastic MK expressing the NHD13 leukemic fusion gene and leads to
macrothromcytopenia. Understanding the molecular mechanisms of abnormal MK differentiation

in MDS is important as many MDS patients die of hemorrhagic complications.
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Thesis Introduction and Objectives

MDS is a hematological disorder that involves dysplasia of the myeloid class of blood
cells. MDS patients develop cytopenias caused by progressive bone marrow failure. The onset
of a myelodysplastic syndrome before the age of 50 years is rare, but the various forms of this
disease are among the commonest hematologic cancers in patients over the age of 70 years
[1]. Incidence rates are also higher in men compared to women [1]. According to the 2008 World
Health Organization classification system for hematologic cancers, MDS is one of five major
categories of myeloid neoplasms [2]. The main feature of myeloid neoplasms is stem-cell-
derived clonal myelopoiesis with altered proliferation and differentiation. The phenotypic
diversity of these neoplasms has been ascribed to different patterns of dysregulated signal
transduction caused by transforming mutations that affect the hematopoietic cells, including MK.
The pathogenesis of this serious disease, including the contribution of MK, remains unclear
despite significant progress in detailing the molecular genetics of MDS, though studies indicate
the role of nucleoporin (Nup) proteins, specifically Nup98, in the pathogenesis of the disease.

Nup98 is centrally located in the Nuclear Pore Complex (NPC), a large, multi-protein
complex that mediates nucleocytoplasmic transport of protein and RNA between the nucleus
and cytoplasm [3, 4]. Nup98 can shuttle between the cytoplasm and nucleus [5]. With its
relevance to nucleocytoplasmic transport, Nup98 importance cannot be overstated and
mutations involving this protein and gene, including chromosomal translocations, can be
detrimental in mammals.

Chromosomal translocations involving NUP98 are a common finding in hematologic
malignancies [6, 7]. NUP98 forms fusions with at least 28 other genes including homeobox
(HOX) and non-homeobox genes that contribute to the mechanisms underlying leukemogenesis

[8]. HOX genes, located on different chromosomes, are divided into four distinct clusters (A, B,



C, and D) and are involved in embryonic development and hematopoiesis. HOXD genes are
localized on chromosome 2 and play a role in limb and digit generation during embryonic
development. A NHD13 fusion was originally identified in a patient with chemotherapy-related
acute myeloid leukemia (AML) [9], and later reported in an infant leukemia patient [10].
Transgenic mice that express a NHD13 cDNA develop most of the features of MDS by 4-6
months of age, including circulating giant platelets and dysplastic MK. With the passage of time,
these mice often develop acute leukemia [11].

Based on current understanding of leukemias, there is an emerging need to delineate
the role of chromosomal translocations during megakaryopoiesis and leukemic transformation.
By evaluating the molecular mechanisms impaired by the translocation, novel pathways and
therapeutic targets can be identified pertinent to both normal megakaryopoiesis and leukemia.
The NHD13 mouse model is a suitable tool to achieve these objectives. The objective of the
study was to determine the effects of the NHD13 leukemic fusion gene on MK development
leading to abnormal platelet production and to accomplish this, a single model approach was

used.

The central hypothesis for this Masters thesis was “Expression of NHD13 disrupts actin

cytoskeletal dynamics during megakaryopoiesis resulting in macrothrombocytopenia”.

To accomplish the hypothesis, the following two Specific Aims were proposed:

Specific Aim 1: Determine the effects of NHD13 expression on ultrastructural features in
transgenic MK. Understanding the ultrastructural details of abnormal MK will help to determine
the effects NHD13 has on hematopoiesis during the progression of MDS. This study utilized
both electron and light microscopy to observe the detailed morphological features of MK under

in vitro (MK culturing is elaborated in Appendix A) and in situ conditions. This approach was
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also used to evaluate the MK in mice with and without the disease. Here the effect of the fusion

gene on cell structure was determined using both light and transmission electron microscopy.

Specific Aim 2: Determine the effects of NHD713 on the cytoskeleton leading to the
development of dysplastic MK. The cytoskeletal protein distribution and dynamics invoke
numerous morphological changes during MK development — MK cell shaping, polyploidization,
DMS formation, and proplatelet formation. Thus, it is important to understand which cytoskeletal
protein(s), is perturbed by the NHD13 leukemic gene. Harvested MK were adhered onto
fibrinogen-coated slides, labeled with phalloidin, anti-myosin lla, and anti-a/f tubulin antibodies
to evaluate MK cytoskeletal architecture. Western blot analysis was also performed to
determine the effect of the fusion gene on native protein polymerization. The study showed the

effect of the fusion gene on cytoskeletal protein dynamics, actin specifically.

Chromosomal translocations are hallmark features of hematological malignancies. They
are categorized as Class Il mutations that often lead to impaired stem/progenitor cell
differentiation. =~ When complimented by Class | mutations, which lead to aberrant cell
proliferation, malignant transformation can occur. To determine the role of a myeloid
translocation in MK and platelet development, an NHD13 transgenic mouse model was used.
These mice progress through a transient MDS phase before progressing to acute myeloid
leukemia. In addition these mice have giant platelets in circulation as part of their disease
profile. Bone marrow histology was performed to determine MK development during disease
progression. Additionally, in vitro MK development was determined to delineate the role of the
NHD13 fusion leading to macroplatelets and thrombocytopenia. TEM revealed an abnormal
DMS in MK and fluorescent microscopy showed that the actin cytoskeleton was impaired in

developing MK. Finally, in vitro analysis of platelet production showed that transgenic MK
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developed abnormal proplatelets compared to WT controls. Details of these experiments and

results are described in Chapter 2.



Chapter 1: Literature review

The essential role of the megakaryocyte cytoskeleton and its associated defects

Abstract

Megakaryocytes (MK) are myeloid cells that reside primarily in the bone marrow but are
also found in the lung and peripheral blood. Terminally, MK produce platelets that are released
into the bloodstream. MK differentiate from hematopoietic stem cells into colony-forming cells
which express the CD34 antigen, promegakaryocytes, mature MK, and then later into
proplatelets. MK generate platelets by remodeling their cytoplasm into long proplatelet
extensions, which serve as the source for platelet production. The release of platelets from the
proplatelets is preceded by considerable morphological changes to form the parent MK. These
morphological and differentiation changes are paralleled with cytoskeletal modifications
regulated by proteins such as actin, tubulin, myosin, dynamin, and spectrin. These cytoskeletal
proteins work collaboratively during MK development. Thus, dysregulation of these proteins can
cause many MK aberrations and result in platelet disorders such as thrombocytopenia, macro
platelet formation and fragile platelets. This is a review of the literature on the cytoskeleton

proteins which are vital to MK development and their associated disorders.



Introduction

Megakaryocytes (MK) are hematopoietic cells that give rise to platelets, which are
necessary for hemostasis and thrombosis in the body. In humans, MK normally account for
approximately 0.1 percent (1 out of 10,000) of all nucleated bone marrow cells [12]. Their
number increases as the demand for platelets rises. MK have an average diameter of 20 to 25
microns and a volume of 4700 £ 100 femtoliters (fL) [13]. Each MK produces a total of 1000 to
3000 platelets [14]. Although it has long been assumed that larger MK produce more platelets,
this has never been conclusively demonstrated. But before platelet production, MK undergo
successive development and expansion processes known as megakaryopoiesis [15]. The
primary signal for promotion of MK progenitor expansion and differentiation is the ligand
thrombopoietin (TPO) binding to MK receptor c-mpl [16-18]. TPO is sufficient but not absolutely
necessary for inducing differentiation of progenitor cells in the bone marrow towards the final
mature MK [19]. MK are derived from hematopoietic stem cells which differentiate into a
megakaryocyte-erythroid progenitor (MEP) cell [20] through successive lineage commitment
steps (Figure 1). TPO stimulation via myeloproliferative leukemia protein (c-mpl) activates
signaling pathways which control multiple transcription factors including runt-related
transcription factor 1 (Runx1), globulin transcription factor 1 (Gata1), Friend leukemia integration
1 transcription factor (Fli1) and myeloblastosis transcription factor (c-Myb) to regulate
differentiation and development of MK. As shown in Figure 1, Runx1 interacts with Gata1 and
Fli1 to regulate differentiation [21, 22], Fli1 restricts the MEP to the megakaryocytic lineage [23],
while Gata1 and its co-factor Friend of Gata1 (Fog1) are critical in promoting MK differentiation
[24, 25]. Finally, the maturation process includes 1) polyploidization, 2) development of an
extensive internal demarcation membrane system (DMS); and 3) formation of proplatelet

processes [26]. As MK progressively differentiate they lose their proliferative ability and become



polyploid through a variation in the cell cycle known as endomitosis, which results in incomplete
cytokinesis and increased (up to and great than 64N) DNA content [27]. During differentiation,
diploid promegakaryoblasts give rise to tetraploid megakaryoblasts and then successively larger
and more polyploid promegakaryocytes and finally mature MK. Polyploidization of mature MK
facilitates the massive protein and membrane synthesis required for subsequent platelet
production. Following polyploidization, MK undergo cytoplasmic maturation involving the
formation an extensive DMS [28]. The DMS is an elaborate membrane network that ultimately
fills the MK cytoplasm except for a narrow band at the periphery of the cell. By virtue of its origin
in tubular invaginations of the plasma membrane, the DMS maintains continuity with the
extracellular space [29, 30]. In fact, studies have shown that whole-cell patch-clamp recordings
reveal the DMS to be a single electrophysiologic entity [31]. The DMS formation precedes
proplatelet formation and thus plays a vital role in the size and number of platelets that are
released from the MK. Therefore this subcellular structure is a significant component in the
pathogenesis of many diseases where platelets are a contributing factor. Finally, proplatelets
extend from the DMS, which terminally bud into platelets that shed into the blood stream.
Despite significant advances in megakaryopoieisis, the complete mechanisms underlying their
physiology, and importantly, their role in diseases such as cardiovascular disease, coagulations
disorders, inflammation, and cancer biology are not fully elucidated. Thus, there is a need to
develop better model systems to understand MK biology. One facet of MK biology that has been
implicated in diseases is its cytoskeleton. The cytoskeleton is critical to the MK biology because

it contributes to the production adequate platelets of uniform size for hemostasis.
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Figure 1: Schematic representation showing megakaryopoiesis and the role of
transcription factors. MK are derived from hematopoietic stem cells (HSCs). The HSC
differentiates into a MEP cell, which with adequate transcription factor expression, differentiates
into the first committed MK lineage cell called CFU-MK. CFU-MK differentiate into
promegakaryocytes. At this stage of megakaryopoiesis, the MK undergoes endoreplication,
which involves multiplying of the cell’s nuclei and cytoplasmic content without undergoing
cytokinesis. After endoreplication, the MK is mature. The mature MK is polyploid and can have
nuclei content from 4N to 64N. The mature MK cytoplasm partitions in a process called DMS.
Cytoplasmic extensions protrude from the DMS to form the proplatelet producing MK.
Proplatelets terminally bud to form platelets. Reprinted by permission from Macmillan Publishers

Ltd: Oncogene [32], copyright 2007.



The essential role of the cytoskeleton

The release of platelets into circulation is preceded by considerable morphological
changes in the parent MK. Dynamic expression and distribution of cytoskeletal proteins such as
tubulin, actin, myosin, and dynamin are important for MK development [33, 34]. The generation
of platelets, and their release into the bloodstream by MK, requires a complex series of
remodeling events powered by the cytoskeleton to result in the release of many platelets from a
single MK. Abnormalities in this process can result in a variety of medical disorders that
ultimately affect platelet biogenesis (thrombocytopenia and thrombocytopathies) and increase
the risk of bleeding. This review describes the process of megakaryopoiesis and discusses new

insights into the importance of the MK cytoskeleton.

Actin cytoskeleton

Rho/Rho-associated protein kinase (ROCK) Signaling Pathway
MK cell membrane structure, size, and polyploidization are regulated partly through

dynamic expression of actin [35-37]. Figure 3 depicts an overview of the RhoA/ROCK signaling
pathway as it relates to actin regulation. Briefly, actin dynamics are regulated primarily through
alternating states of GDP-bound inactive and GTP-bound active forms of RhoA [38]. RhoA
activation leads to the canonical activation of downstream factors. Cofilin, which is downstream
of ROCK and LIM kinase, is an actin-binding protein essential for the depolymerization of actin
filaments. Following cofilin phosphorylation, cofilin can either enhance depolymerization and/or
stabilization of actin [39-41]. Specifically, RhoA regulates actin depolymerization and
stabilization, as well as actin fiber contraction. The regulation of actin dynamics via the
RhoA/ROCK pathway facilitates many facets of development as depicted in Figure 2 [42-44].
Studies also suggest that the late failure of cytokinesis, responsible for the endomitotic process
in MK, is related to a partial defect in the Rho/Rock pathway activation [35], by regulating actin

expression. At the end of maturation, there is decline in Rho activation that allows for the onset
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of cytoplasmic extensions and proplatelet formation in MK [36]. During early MK maturation,
Rho activation predominates and thus restricts proplatelet formation [36]. RhoA activation leads
to sequential phosphorylation of myosin light chain Il (MLC2), which then induces actin fiber

contraction and thus regulates MK size and cell membrane structure [36, 45, 46].
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Figure 2: Role of the actin cytoskeleton in MK development. Actin helps to maintain the
shape and membrane integrity of the cell (1), and forms cytoskeletal structures to regulate
endomitosis (2). Actin is also vital during the formation of the DMS (3), the hallmark of
proplatelet formation, and drives the bending and bifurcation of proplatelets (4) necessary for

the platelet formation process.
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Actin is an integral component of the MK cytoskeleton. Its role is seen very early in MK
development as the dynamic expression of actin helps to maintain the MK cell membrane
structure [36, 37]. Thus, actin helps to maintain the shape, as well as determine sizing of the MK
throughout MK maturation. Maturation of MK is paralleled by the increase in nuclear and DNA
content, termed polyploidization. The formation of an acto-myosin contractile ring helps in the
formation of a cleavage furrow during endomitosis [47], which aids in MK polyploidization during
maturation. Next, the mature MK undergoes DMS formation. The invaginated DMS, a hallmark
of mature cells, has been proposed as the source of proplatelet membranes. Late in MK
ontogeny, the DMS gets loaded with phosphatidylinositol 4,5-bisphosphate (PIP2) [28]. PIP2
promotes actin polymerization by activating Rho-like GTPases and Wiskott-Aldrich syndrome
(WASp) family proteins [48]. Actin cytoskeleton facilitates DMS formation by invaginating the
plasma membrane to form continuous tubular structures in the cytoplasm. To produce platelets,
MK elaborate proplatelets from the DMS, accompanied by expansion of membrane surface area
and dramatic cytoskeletal rearrangements. At the proplatelet stage, the cell extends cytoplasmic
processes into the venous sinusoids of bone marrow followed by the development of
constrictions at given intervals, revealing putative platelets. The distribution of actin in the MK
cytoplasm changes and helps in the formation of these processes, which are the hallmark
features of the proplatelet [49]. The process of amplifying proplatelet ends by repeatedly
bending and bifurcating the proplatelet shaft is dependent on actin-based forces and is inhibited
by the actin toxins cytochalasins [50, 51].

The actin cytoskeleton plays a fundamental role during megakaryopoiesis. Actin
regulates MK endomitosis, DMS formation, and proplatelet formation. Perturbing actin
polymerization or dynamic expression can affect platelet production, specifically the number of

platelets produced or uniform platelet sizing.
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Stabilization

Figure 3: Schematic representation of the Rho/ROCK transduction pathway involved in
megakaryopoiesis. The signaling pathway is a key regulator of actin polymerization and
dynamics during MK development. Activated Rho interacts with ROCK, which regulates
downstream factors such as cofilin, ADF, and MLC2. In their native state in the cell, cofilin and
ADF are unphosphorylated, and functions as actin depolymerizers. Phosphorylation of cofilin
and ADF prevents actin depolymerization and aids actin polymerization. ROCK interaction with

MLC2 also regulates actin contraction via myosin activity on actin.
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Myosin Il Cytoskeleton

Myosins constitute a large superfamily of proteins that share a common domain that has
been shown to interact with actin, hydrolyze ATP, and help to produce cell movement [52, 53].
Non-muscle myosin I (NMM-Il) is part of the myosin super family [54], with vertebrates
expressing at least two isoforms, NMM-IIA and NMM-IIB [55, 56]. The two isoforms are also
expressed in MK.

NMM-II exists as a large hexamer, comprised of two non-muscle myosin heavy chains
(NMMHC) and 4 myosin light chains (MLCs). NMM-II's are typically constructed of three
functional subdomains: (1) the motor N-terminal domain that interacts with actin and binds ATP,
(2) the neck domain that binds light chains and (3) the C-terminal tail domain that serves to
anchor and position the motor domain so that it can interact with actin C-terminal tail [56-58].
The neck includes the 1Q motif, which is an important binding site for the MLCs. The MLC is
responsible for inducing the acto-myosin contractile response. By phosphorylation of MLC,
myosin becomes activated and can interact with actin filaments [59-62]. On the other hand, the
C-terminal tail domain consists of two long alpha helices important for flament assembly and
cargo binding [63].

NMM-II regulates several developmental stages during megakaryopoiesis. First,
polyploidization occurs by endomitosis, which was a process considered to be incomplete
mitosis aborted during anaphase [64, 65]. Studies have showed that in fact MK endomitosis is a
result of an altered furrow formation during cytokinesis, when the acto-myosin contractile ring is
abnormal because accumulation of NMM Il is lacking [35]. Thus, late failure of cytokinesis
responsible for the endomitotic process is regulated by inhibition of NMM-IIA. Secondly,
modification of the MLC2 phosphorylation status through the Rho/ROCK pathway regulates
proplatelet formation. ROCK is a key Rho effector that phosphorylates MLC2 at Ser19 and

inhibits myosin phosphatase [66, 67]. Third, MLC2 phosphorylation is necessary for actin-
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myosin motor activation to provide essential contractile forces for a diversity of cellular
processes, such as cell contraction, cell migration, and membrane blebbing [45, 46, 68], all
processes necessary for MK proplatelet formation and platelet blebbing. The Rho/ROCK
pathway is implicated in platelet shape changes during activation by mediating MLC2
phosphorylation [62, 69-71]. Indeed, studies indicate that MLC2 phosphorylation plays a critical
role in platelet biogenesis by controlling proplatelet formation and fragmentation [36].

One disease in particular that affects polyploidization and proplatelet developmental is
familial platelet disorder with predisposition to acute myeloid leukemia (FPD/AML) [72, 73].
FPD/AML is an autosomal dominant disorder characterized by dysmegakaryopoiesis, and
qualitative and quantitative platelet defects. Studies show that deregulation of genes that
regulate NMM-II polymerization, MLC2, MYH9 and MYH10, by RUNX1 is the underlying
molecular defect in the pathogenesis of the disease [74, 75]. Deregulation of NMM-IIA
expression leads to defects in both polyploidization and proplatelet formation. In fact, treatment
of MK cells with the myosin Il activity inhibitor, blebbistatin rescued the ploidy defect of
FPD/AML MK [74].

NMM-I1 is an actin-binding protein that has actin cross-linking and contractile properties
and is regulated by the phosphorylation of its light and heavy chains. By contracting actin, it is
able to regulate many facets of MK development including (1) polyploidization via endomitosis,
and (2) proplatelet formation by playing a role in the mechanical forces needed to control their
protrusion. The normal functionality of myosin is paramount in megakaryopoiesis and any

altered myosin activity can impair platelet biogenesis.

Tubulin Cytoskeleton
Microtubules play indispensable roles in cell division, cell motility, cellular transport,

maintaining cell polarity, and cell signaling. Impairment in the function of microtubules can lead
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to abnormal cell morphology. Microtubule polymerization is a complex process involving a
cooperative assembly of a tubulin heterodimers followed by GTP hydrolysis [76]. Each subunit
of the tubulin heterodimer has one GTP molecule bound to it. The a-subunit binds to GTP in an
irreversible manner while the GTP bound to B-tubulin is exchanged [77] and hydrolyzed during
polymerization.

Polymerization of microtubules occurs through two important steps: nucleation and
elongation. Initially, an oligomer consisting of 6-12 af3 tubulin dimers is formed in the nucleation
step. Next, GTP bound af tubulin dimers bind to the nucleus and lead to elongation and
formation of the microtubule protofilament. After the elongation phase, the assembly of
microtubules reaches a steady state where the addition and the dissociation of tubulin subunits
at the ends of the microtubules are balanced and there is no net increase in the polymer level.

Microtubule dynamics also contribute to the proper orientation and segregation of
chromosomes during mitosis [78, 79]. The barb or plus ends of the microtubules undergo a
series of random elongations and shortenings in the cytoplasm to search and bind the
kinetochores of the chromosomes [80]. Once the plus ends attach to the kinetochores, the
chromosomes translocate to the equatorial plane. Metaphase microtubules are highly dynamic;
however, at the onset of anaphase, microtubule dynamics are stabilized to ensure successful
chromosomal segregation [81]. Owing to the shortening of the microtubules and the action of
motor proteins, tension is generated in the microtubules, which leads to the poleward movement
of the chromosomes [82]. A defect in this process may block the cells during mitosis by
activating the spindle checkpoint.

Microtubules are a major component of the MK cytoskeletal network and function as the
primary motor for proplatelet elongation. High concentrations of microtubule poisons such as
colchicine and vincristine sulfate prevent proplatelet elongation and cause extended proplatelets

to retract [51, 83, 84]. Deletion of the B1-tubulin gene in mice, which encodes the major 3-
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tubulin isoform microtubules assembly, impairs platelet production and release, and results in
abnormal platelet morphologies [85, 86]. Also, while continuous polymerization of microtubules
is necessary to support the enlarging proplatelet mass, the sliding of overlapping microtubules is
a vital component of proplatelet elongation [87]. One disease in particular that is associated with
aberrant tubulin polymerization has been reported in Cavalier King Charles Spaniels. These
dogs have a high prevalence of macrothrombocytopenia that is inherited as an autosomal trait
[88-90]. Studies show that the macrothrombocytopenia is a result of a B1-tubulin mutation; afg
tubulin dimers within protofilaments become unstable, leading to altered proplatelet formation by
megakaryocytes [91]. This results in the macrothrombocytopenic clinical presentation.

Tubulins are one of the main cytoskeletal proteins in the MK. Tubulins form
microtubules, which are essential cytoskeletal organelles in many cells, including MK. The
polymerization of tubulins and microtubule formation is essential to maintaining MK cell shape

and proplatelet formation.

Dynamin Cytoskeleton

The dynamins (DNM) form a superfamily of three proteins (DNM 1, DNM 2, and DNM 3),
which can differentially localize to distinct cytoplasmic and membrane compartments where they
participate in a number of membrane trafficking events [92]. Studies have shown that the DNM
self-associate and hydrolyze nucleotides to link cellular membranes to the actin cytoskeleton
[93, 94]. With their association with microtubules and microfilaments, the dynamins have been
implicated in a variety of cellular processes including: 1) development of organelles involved in
cell motility [95, 96]; 2) membrane vesiculation from the plasma membrane and trans-Golgi
network [94, 97, 98]; 3) membrane extension and lamellipodial protrusion and phagocytosis

[99]; and 4) cytokinesis [100].
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The role of dynamins in MK is still largely unknown. Amongst the cytoplasmic proteins of
the family, DNM3 is the only one known to participate in MK development. The mechanism by
which DNM3 may participate in MK cytoplasmic enlargement and DMS formation is unknown.
However, studies show that PIP2, an important regulator of dynamin function [101-103], plays
an essential role in facilitating DMS development and platelet biogenesis [28]. The DMS
accumulates PIP2 late in differentiation. In anticipation of platelet release, membranes of the
DMS harbor PIP2 and associate with the WASp-Arp2/3 complex to induce actin polymerization
in preparation for platelet formation [28]. Plasma membrane PIP2 is also essential for mediating
the sequential recruitment of adaptor and accessory proteins to sites of clathrin-dependent
endocytosis [104]. All 3 dynamin isoforms contain a PH domain that is able to bind PIP2.
Binding of PIP2 to dynamin not only strongly increases the GTPase activity of dynamin but also
serves to target dynamin to the plasma membrane [105, 106].

DNM3 is associated with non-muscle myosin 2A and thus has important ramifications for
the role of DNM3 in MK cytoskeleton rearrangements that involve not only MK development, but
also proplatelet formation and platelet biogenesis. Defects in MYH9, which encodes the NMM-
lla heavy chain, are associated with inherited macrothrombocytopenia disorders: the May-
Hegglin anomaly, Fechtner syndrome, Sebastian syndrome, and Epstein syndrome [50].
Moreover, defects in MYH9 or its regulation have been shown to affect different steps of MK
development, including the maintenance of cell shape, formation of the DMS, anchorage to
extracellular matrix, and proplatelet formation [107, 108]. The association of DNM3 to myosin
2A is critical in regulating the different stages of MK development. Recently, using
immunohistochemistry, the DNM3 protein has been observed in human MK and murine
proplatelets [109]. Interestingly, studies show that silencing of the DNM3 gene in human CD34"
hematopoietic precursor cells impairs the formation of MK [110]. Moreover, Nurnberg and

colleagues have shown that pharmacologic inhibition of dynamin GTPase activity with dynasore
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inhibits proplatelet and platelet formation [111]. DNM3 is critical during MK progenitor

proliferation, maturation of MK, proplatelet formation and platelet biogenesis.

Spectrin Cytoskeleton

Acute Megakaryoblastic Leukemia (AMKL) is a rare disorder characterized by extensive
proliferation of megakaryoblasts and atypical MK in bone marrow and extramedullary sites, as
well as thrombocytopenia [112]. In an extensive study of AMKLs, patients had morphologically
recognizable MK that stained positive for Bll spectrin, but not the BI: both isoforms are typical of
the normal MK. The absence of the Bl spectrin isoform resulted in immature MK development in
AMKL [113]. Therefore, it may seem spectrin is important for MK sizing and maturity.

Patel-Hett and colleagues show that spectrin is the main fibrous component of the
proplatelet dense membrane skeleton [114]. Assembly of spectrin into tetramers is required for
invaginated membrane system maturation and proplatelet extension, as expression of a spectrin
tetramer-disrupting construct in MK inhibits both processes [114]. Incorporation of this spectrin-
disrupting fragment into a novel permeabilized proplatelet system rapidly destabilizes
proplatelets, causing blebbing and swelling. Spectrin tetramers also stabilize the “barbell-
shapes” of the penultimate stage in platelet production, since addition of the tetramer-disrupting
construct converts these barbell-shapes to spheres, demonstrating that membrane skeletal
continuity maintains the elongated, pre-fission shape. Overall, the role of spectrin is poorly
understood in normal megakaryopoiesis but emerging data indicates that spectrin is influential
in different steps of MK development through its participation in the formation of MK maturation,

invaginated membranes, and in the maintenance of proplatelet structure.
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The Biology of Myelodysplastic syndrome (MDS),

MDS, pre-leukemia, is a clonal process characterized by ineffective hematopoiesis,
hypercellular/dysplastic bone marrow (BM), and peripheral blood cell cytopenias. Paradoxically,
MDS patients have normal or increased BM cellularity, and progress to acute myeloid leukemia
(AML) in 25% to 30% of cases [115-119]. Despite being as common as AML, MDS is less
understood, with less effective treatments. The prevalence of MDS increases with age; the
median age at presentation is 70 years with an annual incidence of 2-30 cases per 100,000
persons at risk [118, 120]. MDS may be caused by a combination of factors including acquired
genetic mutations, including chromosomal deletion (5q deletion), environmental toxin exposure
such as benzene, or anticancer chemotherapy or ionizing radiation [121]. The prognosis for
MDS is poor due to hemorrhage and infections that result from refractory cytopenias [117].
Studies based on the International Prognostic Scoring System indicate the median survival of
the four risk categories is 11 months for high risk, 26 months for intermediate-2 risk, 63 months
for intermediate-1 risk, and 97 months for low risk; after five years MDS has a mortality rate of
100% [122].

Further advances in treatment rely upon identifying the clonal cell of origin—a difficult
task given the heterogeneous character of MDS [117, 123]. Some patients have dysplastic MK
and macrothromcytopenia. The pathogenesis of this disease, including the contribution of MK,

remains unclear despite significant progress in detailing the molecular genetics of MDS.

Nuclear Pore Proteins:

The nuclear pore complex (NPC) (Figure 3) is a large, multi-protein complex that
mediates nucleocytoplasmic transport of protein and RNA between the nucleus and cytoplasm
[124, 125]. The NPC is embedded in and traverses the nuclear membrane, and consists of

approximately 30 different nucleoporin (NUP) proteins, many of which are present in multiple
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copies [126]. NUP98, a dynamic 90-kDa protein component of the NPC component with glycine-
leucine-phenylalanine-glycine (GLFG) repeats can shuttle between the cytoplasm and nucleus
[127-130].

Several lines of evidence support the biological importance of the NPC and Nup98. First,
proper regulation of the actin cytoskeleton dynamics and architecture strongly relies upon NPC
integrity [131]. Second, disruption of Nup98 in embryonic mice is lethal [132]. Third, studies in
vesicular stomatitis virus replication suggest that Nup98 proteins are involved in mRNA
transport [133]. In addition, Nup98 is the target of degradation in both influenza and polio
infections [134, 135]. Fourth, NUP98 regulates mitosis by binding to the cdh1-form of the
anaphase promoting complex, cyclosom [136]. Fifth, NUP98 controls the bipolar spindle
assembly during mitosis through association with microtubule dynamics in Xenopus extracts
[137]. Sixth, recent studies in Drosophila show that Nup98 is involved in transcription regulation
[138, 139]. Finally, Nup proteins form fusions with other proteins that play a significant role in
disease including malignant transformation in hematopoietic progenitors [140, 141]. Twenty-
eight distinct NUP98 gene fusions have been identified, caused primarily by balanced
translocations and inversions, in dysplastic cells of patients with a wide array of distinct
hematopoietic malignancies, including acute myeloid leukemia (AML) and MDS [8, 142, 143].

Nup proteins have been implicated in several diseases including AML and MDS. The
NUP98-HOXD13 fusion has been detected in AML patients, and when expressed in mice,
results in MDS that progresses to AML. Of note is the fact that a subset of MDS patients present
with dysplastic MK and macrothrombocytopenia [144, 145]. On-going studies are focused on
elucidating the role of NUP proteins and their fusion genes in MDS especially with the NPC’s

relevance in cytoskeleton regulation of actin and mitotic spindle via tubulin.
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Figure 4: Structure of the nuclear pore complex. (1) Shows the large, multiprotein complex

spanning the nuclear membrane into the cytoplasm. Note the critical location of Nup98 (2)
positioned in the central aspect of the complex where it interacts with the RanGTPase complex
(3) during mRNA and protein transport (4). During cell division, Nup98 dissociates and regulates
microtubules of the mitotic spindle through its interaction with MCAK (not shown). The abnormal
Nup98-HoxD13 protein (5) positioned in the central core, replaces the normal Nup98; position in
this location could presumably alter the interaction of Nup98 and the mitotic spindle during MK
development leading to dysplastic MK and ultimately macroplatelets as are seen in NUP98-
HOXD13 mice. Reprinted from Journal of Structural Biology, 177(1), Chatel G., Desai S. H.,
Mattheyses A. L., Powers M. A., and Fahrenkrog B., Domain topology of nucleoporin Nup98

within the nuclear pore complex, 81 — 89, Copyright 2012 [146], with permission from Elsevier.
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Summary

MK differentiate from CD34" hematopietic stem cells and at the conclusion of their
maturation, their cytoplasm segments to form platelets. MK must coordinate numerous
cytoskeletal interactions to support development and maturity of the cellular machinery to
produce de novo assembly of thousands of platelets. Several cytoskeletal proteins are integral
to the complex machinery of the platelet-producing MK machinery; these proteins include
tubulin, non-muscle myosin lla, actin, dynamin and spectrin. Defects or mutations that affect the
normal dynamics of these cytoskeletal proteins at any stage of MK development may result in
dysplastic MK, with clinical presentations that often result in platelet disorders. May-Hegglin
anomaly, Fechtner syndrome, Sebastian syndrome, Epstein syndrome, AMKL, and FPD/AML
have impaired MK development, which all result in thrombocytopenia, macro platelets, or fragile
platelets. Similar to these diseases, MDS patients may also present with dysplastic MK and
platelet disorders. It is essential that the impaired aspect of MK development is correctly
determined for treatment to be effective. It is also reasonable to hypothesize that dysplastic MK
and macrothrombocytopenia, as seen in MDS patients, is due to an aberrant MK cytoskeleton.
The following thesis research investigates the role of the MK cytoskeleton in MDS using the

NUP98-HOXD 13 mouse model system.
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Chapter 2

NUP98-HOXD13 mice have megakaryocytes with impaired actin localization during the

development of Myelodysplastic syndrome

Abstract

Patients who develop Myelodysplastic syndrome (MDS) often present with
macrothrombocytopenia as a feature of their disease. While indications suggest that this might
be due to impaired megakaryocyte (MK) differentiation, the precise mechanism(s) remain
undetermined. Here we have used NUP98-HOXD13 (NHD13) transgenic mice that develop
MDS to evaluate the effects of chromosomal translocations on MK development. We
hypothesized that actin localization is disrupted in NHD13 MK resulting in
macrothrombocytopenia. NHD13 bone marrow contained dysplastic MK that had defective
demarcation membrane systems and fewer proplatelets. Fluorescent microscopy revealed that
actin failed to localize to the peripheral cytoplasm of transgenic MK. Furthermore, when
stimulated in vitro, NHD13 MK failed to adequately produce proplatelets as deomonstrated by
their lack of actin-positive cytoplasmic extensions. This report suggests that NHD13 impairs
actin localization and function necessary in platelet production suggesting a possible

mechanism for macrothrombocytopenia in MDS.
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Introduction
Myelodysplastic syndromes (MDS) comprise a group of clonal hematopoietic disorders
characterized by ineffective hematopoiesis, hypercellular/dysplastic BM, and peripheral blood
cell cytopenias [115, 147, 148]. With the passage of time MDS progresses to acute myeloid
leukemia (AML) in 25% to 30% of cases [149]. Despite being as common as AML, MDS is less
understood and less treatable thus creating an unfavorable prognosis. Further advances in
treatment rely upon identifying the clonal cell of origin—a difficult task given the heterogeneous
character of MDS [148, 150]. In fact, some MDS patients present with dysplastic
megakaryocytes (MK) in their BM and have thrombocytopenia, as well as macroplatelets in their
peripheral blood. Therefore, understanding abnormal megakaryopoiesis seen in MDS is
important because: (a) some MDS patients die of hemorrhagic complications and (b) normal
megakaryopoiesis remains poorly understood. Previous studies by Lin and colleagues have
shown that NUP98-HOXD13 (NHD13) transgenic mice develop MDS at 7-months-of-age and
progress to acute leukemia by 14-months-of-age [11]. NHD13 mice consistently develop
thrombocytopenia and macroplatelets, as well as have dysplastic MK in their BM. Furthermore,
K562 cells treated with TPA (12-O-tetradecanoylphorbol-13-acetate) and transfected with
pVNHD13 have impaired differentiation [11]. Taken together these studies showed that NHD13

impairs MK differentiation.

MK are derived from the megakaryocyte-erythroid progenitor (MEP) cell following activation of
the c-MPL receptor by thrombopoietin (TPO) [15, 151]. Multiple transcription factors including
gata-1, runx-1, fli-1 and nf-e2 regulate the differentiation and maturation of MK [22, 152-156].
Maturation includes polyploidization of nuclei, development of the cytoplasmic demarcation
membrane system (DMS), and finally formation of proplatelet processes before platelets are

shed into circulation [15]. Nuclear polyploidization facilitates the need for substantial protein and
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membrane synthesis required for platelet production. The release of platelets into circulation is
preceded by considerable morphological changes in the MK. These changes are regulated in
part by cytoskeletal proteins including microtubules, myosin, dynamin 3, and actin [87, 109,
157]. In fact, studies show that the dynamic expression of actin significantly maintains the MK
cell membrane structure, as well as determines the size of MK during maturation [36]. Actin
distribution in the MK cytoplasm also contributes to the development of the DMS leading to
proplatelet production [28]. During proplatelet formation, tubulin extends the proplatelet outward
followed by terminal bifurcation and bending induced by actin [158]. Finally, mature platelets
are released into circulation. Given these biological processes pertaining to MK, we
hypothesized that the NHD13 fusion gene might interfere with actin formation as an underlying
reason for the macroplatelets seen in the NHD13 transgenic mice. Here we used microscopy
and immunofluorescence to evaluate the cytoskeleton in dysplastic MK from NHD13 mice. Our
results show that the NHD 13 fusion gene leads to aberrant localization of cytoplasmic actin and

defective DMS, as well as impairs proplatelet formation.

Materials and Methods

Animals

NHD13 transgenic and wild type (WT) control mice of either two, four, or eight months (mo.) old
were used in this study. Two and four month old mice were defined as subclinical and eight
month old mice were defined as clinical. The mice were bred and maintained at the AAALAC
accredited core laboratory animal facility at the Virginia Maryland Regional College of Veterinary
Medicine, Virginia Tech. All experiments were carried out as per NIH guidelines with the

approval from the Virginia Tech Institutional Animal Care and Use Committee.
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Peripheral blood evaluation

Peripheral blood was obtained from the retroorbital plexus into EDTA blood collection vials
(RAM Scientific Inc) and analyzed using a HESKA CBC® - Diff™ Veterinary Hematology
System. Routine blood smears were stained using Wright-Giemsa stain according to the
manufacturers’s protocol (Sigma Aldrich, St. Louis, MO). Smears were analyzed using a 50i
Nikon light microscope and 100x oil immersion objective (Nikon, Melville, NY). Photographs
were taken using the Nikon Digital Sight camera (DS-Fi1) and NIS-Elements D software 3.10
(Nikon).

Histopathology of mouse bone marrow

Immediately following euthanasia, sternums were harvested and fixed in 10% neutral buffered
formalin (Fisher Scientific, Fair Lawn, NJ). Following routine tissue processing and rapid
decalcification, the tissue was sectioned at 4um sections and mounted onto glass slides. BM
was analyzed using a 50i Nikon light microscope. Twenty five random microscopic sections of
100 pm? fields of each sternum were evaluated for BM MK counts, using a 50i Nikon light
microscope. Photographs were taken using the Nikon Digital Sight camera (DS-Fi1) and NIS-
Elements D software 3.10 (Nikon).

Culturing and harvesting megakaryocytes

MK were cultured according to previously published protocols [159]. Briefly, total BM was
flushed from tibias and femurs of control and transgenic mice into phosphate buffered saline
(PBS) (Thermo Scientific, Logan, Utah) with 2% bovine serum albumin (BSA) (Invitrogen) and
penicillin/streptomycin (P/S) (Thermo Scientific). Hematopoietic progenitor cells were isolated
from total BM by enrichment using magnetic bead-based negative selection with the mouse
hematopoietic progenitor enrichment kit (StemCell Technologies, Vancouver, BC). Progenitor
cells were cultured in serum-free StemSpan (StemCell Technologies) containing 2% P/S and

supplemented with 50ng/mL TPO (Peprotech, Rocky Hill, NJ) for up to five days. After five days,
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the cultured cells were centrifuged at 200 xg and resuspended in PBS. Finally, MK were
harvested by passing the cell suspension over a 1.5%/3.0% BSA gradient. MK were either used
for immediate experiments or snap frozen for downstream use. To assay proplatelet formation
functionality, progenitor cells were cultured in StemSpan supplemented with 50ng/mL Tpo and
10ng/mL estradiol (Sigma-Aldrich), a proplatelet inducing cytokine [160].

Ultratructural evaluation of MK

Cultured MK were washed once with PBS and fixed with 2.5% gluteraldehyde in Grey’s salt
solution and embedded in epon. Thin sections were cut, sputter coated with uranyl acetate and
lead citrate, and examined using the Zeiss 10CA transmission electron microscope (TEM) (Carl
Zeiss, Thornwood, NY).

Cytoskeletal evaluation of MK

MK were harvested as described above and cytospun onto positively charged slides (Thermo
Scientific) or adhered to fibrinogen-coated glass slides for four hours at 37°C, and fixed with 4%
paraformaldehyde for 15 min. Following fixation, MK were permeabilized with 0.1% Triton-X
solution (Sigma Aldrich) in PBS for 10 min. Slides were briefly washed with PBS and blocked
with 5% fetal bovine serum (Thermo Scientific) solution for one hour. MK were then labeled with
DAPI (Vectashield mounting medium), Alexa Fluor® 488 Phalloidin Conjugate (A12379,
Invitrogen), rabbit anti-mouse myosin lla (3403, Cell signaling), and rabbit anti-mouse o/
tubulin antibody (2148, Cell Signaling). Rabbit myosin lla and a/f tubulin antibodies were
labeled with anti-rabbit Alexa Fluor® 488 Conjugate (4413, Cell Signaling) and anti-rabbit IgG
Alexa Fluor® 488 Conjugate (4412, Cell Signaling) secondary antibodies, respectively. Labeled
MK were visualized using either confocal microscopy (Zeiss LSM 510) or fluorescence
microscopy (Olympus BX-51).

Megakaryocyte DNA content analysis
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Cultured MK were washed with PBS and labeled with fluorescein isothiocyanate (FITC)
conjugated anti-mouse CD41 (eBioscience, San Diego, CA) for 1 hour at 4°C. Next, MK were
washed with PBS, centrifuged at 200 xg for 5 minutes and resuspended in 200yl PBS. An
aliquot of 1.8ml 70% cold ethanol was added dropwise to cell suspension while vortexing at low
speed to fix cells. Cells were centrifuge at 200xg for 3 minutes, washed with PBS and incubated
on ice. One hour before analysis, pelleted cells were resuspended in 200uL solution of 50ug/ml
propidium iodide (PI) (Sigma Aldrich), 4mM sodium citrate (Sigma Aldrich), 0.1% triton-X, and
100u/mL Rnase A (5Prime, Gaithersburg, MD). DNA content analysis was performed using the

Accuri™ C6 Flow Cytometer (BD Bioscience, San Jose, CA).

Statistical and data analysis
Data were analyzed with GraphPad Prism 5.0 (GraphPad Software Inc., La Jolla, CA) using

Student’s t test; a p value < 0.05 was considered significant.

Results

NHD13 mice have bone marrow that is deficient in megakaryocytes

We analyzed blood from NHD13 and WT mice to determine specifically how platelet counts and
macroplatelets changed over time. Our analysis revealed that subclinical mice as early as two
months old had circulating macroplatelets, as well as statistically lower platelet counts
compared to WT mice. Both subclinical and clinical NHD 13 mice had circulating macro platelets
(Figure 5A). Subclinical mice had comparable blood cell parameters to their WT controls, but a
slightly significant difference in platelet counts between NHD13 and WT mice (Figure 5B). In
mice with clinical MDS, there was a precipitous drop in platelet counts between WT and NHD13
mice. The average platelet count in NHD13 mice was less than half the number of platelets in

WT mice (214 £ 31 vs 452 + 32). A summary of these findings is given in Table 1.
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Next, we evaluated the BM of subclinical and clinical NHD13 and their WT controls. Given our
earlier findings we focused our assessment on the morphological features of the MK. Two-
month and four-month WT BM contained similarly shaped MK, as did their age matched
NHD13 BM in addition to a few dysplastic MK with fragmented nuclei (Figure 6A). NHD13 mice
with clinical MDS had BM MK hypoplasia and dysplasia when we compared to WT controls. In
fact many of the NHD13 MK had emperipolesis, were relatively larger in size, had fragmented
nuclei and increased nuclear to cytoplasmic ratio (Figure 6A). BM MK counts per unit area
showed that subclinical mice MK counts were comparable to their WT aged matches (two-
month; 2.78+0.06 vs 3.19+0.47, four-month; 3.05+£0.39 vs 3.40+0.06) (Figure 6B). But NHD13
mice with clinical MDS had a statistically significant reduction in MK counts per unit area
compared to WT control (0.75+0.04 vs 3.40+0.44). Our results showed that NHD13 impairs
megakaryocyte differentiation and platelets morphology in both subclinical and clinical mice.
These results are consistent with previously published data by Lin et al [11]. NHD13 mice also
had significantly reduced MK and platelet counts with disease progression when compared to
their WT controls.

NHD13 leads to an abnormal DMS and fewer proplatelet formations

The hallmark feature of proplatelet differentiation is the formation of the demarcation membrane
(DMS), which determines the number and size of platelets released into circulation. Defects in
the DMS have been shown to result in macro platelet release. Because of the thrombocytopenia
and circulating macro platelets in NHD13 mice, we evaluated the DMS as a possible
mechanism for these features. Analysis by TEM revealed several distinguishing features
between WT and transgenic MK (Figure 7). First, WT MK (I) showed elaborate DMS formation
compared to the poor DMS formation in NHD13 MK (1), Second, WT MK showed a progression
and elaborate partitioning of the cytoplasm (lIl) but partitioning in NHD13 MK was little to absent

(IV). Third, the perinuclear space contained marked granulation in WT MK (V) whereas
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cytoplasm of NHD13 MK contained unusually large yet fewer granules (VI, long arrow). WT MK
also had multiple proplatelet extensions (V, short arrows), when compared to NHD13 MK (VI,
short arrows). Fourth, WT MK showed an almost spherical shaped nucleus while the NHD13
MK exhibited an angular shaped nucleus with increased chromatin condensation. Finally, the
nuclear to cytoplasmic ratio was overall increased in NHD13 MK (V vs. VI). These findings
indicate that the NHD13 fusion gene impairs the DMS. NHD13 also perturbs proplatelet
extension assembly in MK.

Actin distribution is impaired in NHD13 megakaryocytes

The MK cytoskeleton structure was evaluated to determine the effect of the NHD13 fusion gene
on cytoskeletal protein assembly and architecture. Alpha/beta tubulins are subunits of
microtubules. Microtubule cytoskeleton is important for MK differentiation, membrane integrity,
DMS formation, as well as proplatelet formation, while actin dynamics aid in maintaining the MK
cell membrane structure, MK size, DMS and proplatelet formation, as well as platelet budding
from proplatelets. Analysis of the a/f tubulin architecture showed that NHD713 MK had
comparable organization to WT MK (Figure 8A). Both WT and NHD13 MK had evenly
distributed a/B tubulin in the cytoplasm. But actin analysis showed a significant difference
between WT and NHD13 architecture (Figure 8B). Control MK (I and IlI) expressed two
phenotypes (A): MK with actin predominantly in the periphery of the cytoplasm (I) and MK with
myosin and actin evenly dispersed in the cytoplasm (ll). In contrast, transgenic MK (lll)
displayed only the former phenotype, suggesting that NHD 13 impairs localization of actin. Our
data shows that actin is significantly disorganized in MK that express NHD13.

Proplatelet formation is impaired in stimulated NHD13 MK

We evaluated MK to determine their ability to form proplatelets. We isolated hematopoietic
stem and progenitor cells from BM of WT and NHD13 mice and cultured the cells in StemSpan

supplemented with 50ng/mL TPO and 10ng/mL estradiol, a proplatelet stimulating hormone.
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After four days in culture, harvested MK were processed for ploidy analysis to determine if DNA
content increases, during progression to proplatelet-producing MK. MK were labeled for F-actin
and a/B tubulin to determine the effect of aberrant actin localization will on induced proplatelet
formation. Both WT and NHD13 MK showed proplatelet formation with tubulin cytoplasmic
extensions (Figure 9A). But F-actin labeling revealed that whereas WT MK showed elaborate
actin cytoplasmic extensions (Figure 9B), NHD13 MK predominantly lacked actin cytoplasmic
extensions (bottom panel). Our results showed impaired proplatelet formation in NHD13 MK.
NHD13 MK lacked cytoplasmic actin extensions, normally part of proplatelet architecture.
Polyploidization is increased in NHD13 MK

To elucidate the abnormal features seen in BM of NHD13 mice, such as larger MK and
increased nuclear:cytoplasmic ratio, we performed ploidy analysis on cultured MK. Isolated
stem and progenitor cells from BM of clinical NHD13 and WT mice was cultured in the presence
of TPO for five days. MK were harvested over a BSA gradient, labeled with FITC conjugated
anti-mouse CD41 and stained with Pl. Flow cytometric analysis showed that both WT and
NHD13 MK had ploidy states from 2N — 32N (Figure 10A), but on average MK from NHD13
mice had increased ploidy compared to WT MK (Figure 10B). Though the percentage of MK
with 2N ploidy was similar, NHD13 mice had a higher percentages of MK in the 4N (14.0% vs
9.6%), 8N (7.1% vs 3.4%), 16N (4.9% vs 3.0%), and 32N (3.6 vs 1.8%) states of ploidy. The
results show that on average NHD713 MK had higher DNA content compared to WT MK on

average.

Discussion
Patients with MDS may present with dysplasia of their megakaryocyte lineage leading to
thrombocytopenia and hemorrhagic complications. Despite these known clinical findings, the

molecular mechanisms underlying these features remain poorly understood, and there are few
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animal model systems in which to delineate these mechanisms. Previously, Lin and colleagues
reported that NHD 13 transgenic mice develop circulating giant platelets, and that expression of
NHD13 impairs differentiation of K562 cells [11]. Here we sought to further define the
underlying molecular mechanisms whereby expression of NHD13 in mice leads to

dysmegakaryopoiesis.

Actin is essential throughout the production of platelet formation. Its role begins as early as
endomitosis where actin helps in the formation of the acto-myosin contractile ring [47], and then
later in the formation of the MK demarcation membrane system [28]. This is followed by
elaborate extension and bending of the cytoplasm during proplatelet production culminating in
the release of mature platelets into circulation [50]. Finally, mature platelets are dependent on
actin during their activation in hemostasis. Macroplatelets were noted in mice prior to the onset
of clinical MDS and thrombocytopenia worsened with age and disease progression. These
findings led us to evaluate the underlying features of MK from the NHD 13 mice. Several lines of
evidence in our study suggest that actin is the putative target of the NHD13 fusion gene. First,
MK from NHD13 mice had an abnormal DMS as demonstrated by TEM. Development of the
DMS is dependent of actin extension, bending, and bifurcation of the cytoplasm to produce the
platelet. Secondly, fluorescent microscopy revealed that actin is abnormally dispersed
throughout the cytoplasm during MK development compared to its orderly arrangement in wild-
type MK. Taken together, with the abnormal DMS, these findings suggest that the fusion gene
exerts its action on actin rather early during MK development. This, could have resulted in two
possible outcomes: 1) large platelets as were seen in circulation and 2) diminished cytoplasm
membranes (this serves as the source material for platelets) thus leading to thrombocytopenia.
Third, mobilization of actin is critical for proplatelet formation and terminal production of

platelets. Upon stimulation with estradiol, MK undergo proplatelet formation as shown in Figure
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9. NHD13 MK not only failed to produce proplatelets, but they also had reduced actin assembly
in the proplatelets that did form; however the proplatelet bifurcation processes needed for
correct platelet sizing was absent. Thus, it is reasonable to suggest that Nup98 mutation may
impair the nuclear pore integrity leading to aberrant actin cytoskeleton. Another pathway to actin
dysregulation is via the RhoA pathway. RhoA is a key regulatory pathway of actin dynamics
[161] and its disruption leads to macrothrombocytopenia [162]. Additionally, disruption of n-
cofilin, downstream of RhoA, results in larger sized platelets [37]. RhoA cross-talks with Runx1
[163], a gene which regulates many facets of hematopoiesis and is been shown to be frequently
mutated in MDS [164, 165]. Taken together, a possible perturbation of RhoA by altered-Runx1
can result in an impaired actin cytoskeleton.

Our data has shown that the dysplastic features in NHD13 MK may be due in part to
aberrant actin localization and polymerization, especially at the proplatelet stage leading to
macrothrombocytopenia. These findings warrant additional studies to more accurately
determine the molecular mechanisms by which NHD13 regulates the function of actin in
megakaryocyte differentiation and platelet production. Doing so could reveal novel pathways or
therapeutic targets useful in the treatment of MDS and other diseases where thrombocytopenia

is a significant clinical feature.
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Figure 5: Preclinical and clinical
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(A)

Representative blood smears from WT and NHD13 mice at 2 mo (top panel), 4 mo (middle

panel), and 8 mo (lower panel). (B) Statistical analysis between WT and NHD13 platelet counts.

Platelet counts were significantly lower in the transgenic mice at 2 and 4 mo; WT = 592 £ 40 vs

NHD13 mice = 453 + 32 (p<0.05); WT = 589 + 46 vs NHD13 = 438 £ 27 (*p<0.05). NHD13 mice

with clinical disease had platelet counts (214 + 31) less than half the number of WT mice (452

32) at 8 mo (**p<0.01). 100x; Wright-Giemsa
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Figure 6: NHD13 mice with clinical MDS have significantly less MK in BM. (A)
Representative sections of BM from WT and NHD13 mice at 2, 4, and 8 mo. At 2 mo WT and
NHD13 mice had a comparable number and distribution of MK with few dysplastic MK in NHD13
BM. Dysplastic MK had fragmented nuclei. BM from WT and NHD13 mice at 4 mo also had an
equivalent distribution of MK with similar morphology although there was a tendency for the
NHD13 to have fragmented nuclei. At 8 mo, the MK from WT mice had polylobulated nuclei,
small nuclear:cytoplasmic ratios, and were relatively uniform in size and shape (insert). MK from
the NHD13 mice with MDS had large dysplastic MK (insert), fragmented nuclei, and vacuolated
cytoplasm. Furthermore, NHD13 MK had increased nuclear:cytoplasmic ratio. (B) BM MK from
WT and NHD13 mice were enumerated from 25 100 ym2 fields. There was no significant
difference between WT and NHD13 at 2 mo (3.19 + 0.47 vs 2.78 + 0.06) or 4 mo (3.40 + 0.06 vs
3.05 = 0.39). NHD13 mice with clinical MDS had significantly reduced numbers of MK in their
BM compared to WT (0.75 = 0.04 vs 3.40 + 0.44, **p<0.01) at 8 mo. Hematoxin and Eosin
(H&E, 400x).
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Figure 7: Ultrastructural features of NHD13 MK. (I and Il) Mature WT MK with elaborate
partitioning of the cytoplasm forming the demarcation membrane system (DMS). (lll) WT MK in
the process of proplatelet formation (short arrows). (IV) A mature NHD13 MK displaying an
abnormal DMS in cytoplasm. (V) Mature NHD13 MK with little demarcation of its cytoplasm.
Furthermore, the perinuclear space contained marked granulation and vacuolization, as well as
multiple platelet fields (VI) A mature NHD13 MK with fewer proplatelets extensions (short
arrows). Unusually large, but fewer granules were also observed in the cytoplasm of the MK
(long arrow). The cytoplasm also had fewer platelet fields compared to control. N = Nucleus,

DMS = Demarcation membrane systems, PF = Platelet field.
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Figure 8: Aberrant actin cytoskeleton in NHD13 MK. MK were cultured for five days,
cytospun onto glass slides and labeled with phalloidin (for F-actin), fluorescently tagged a/p
tubulin, or fluorescently tagged myosin lla and visualized by immunofluorescence microscopy.
(A) The a/B tubulin distribution and localization is comparable between in WT and NHD13 MK.
(B) The myosin organization was comparable in WT and NHD13. The actin in WT MK was
localized heavily in the periphery of the cytoplasm in contrast to the NHD13 MK that had actin

dispersed unevenly throughout the cytoplasm, suggesting that actin localization is impaired in

NHD13 MK. 40x.
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Figure 9: Estrogen-stimulated NHD13 MK proplatelets have impaired actin architecture.
WT and NHD13 BM progenitor cells were cultured for 5 days in StemSpan supplemented with
rTPO and estradiol to induce proplatelet formation. Cytoskeletal architecture of WT and NHD13
proplatelets was determined after adhering estrogen-stimulated MK to fibrinogen-coated slides
for 4 h. MK were labeled with phalloidin (for F-actin) or fluorescently tagged a/B tubulin and
visualized by immunofluorescence microscopy. (A) MK from both WT and NHD13 had
comparable a/p tubulin localization within their proplatelet extensions. (B) In contrast, the F-

actin in the NHD 13 MK was severely diminished in the cytoplasmic extensions compared to WT

control MK. 40x.
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Figure 10: NHD13 MK have increased average ploidy. WT and NHD13 BM progenitor cells
were cultured for 5 d in StemSpan supplemented with either rTPO only or rTPO, and estrogen
to induce proplatelet formation. MK were labeled with anti-CD41, stained with PI, and analyzed
by flow cytometry. (A) Flow cytometric analysis of TPO only cultured WT and NHD13 MK
showed that NHD13 MK had a slight increase in the average ploidy compared to WT MK;
2N(42.1% vs 42.5%), 4N(14.0% vs 9.6%), 8N(7.1% vs 3.4%), 16N(4.9% vs 3.0%), 32N(3.6% vs
1.8%). (B) Flow cytometric analysis of estrogen-stimulated WT and NHD13 MK showed that the
NHD13 MK had a slight increase in the average ploidy when compared to WT MK; 2N(38.3% vs

40.0%), 4N(12.0% vs 11.2%), 8N(7.2% vs 5.0%), 16N(7.8% vs 4.7%), 32N (6.0% vs 2.2%).
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Tables

Table 1. Peripheral Blood Characteristics of NHD 13 Mice

Mouse ID Genotype WBC Gra Lym Hgb MCV Platelet
(x103/uL) | (g/dl) (x103/uL) (x103/pL) (f1) (x103/uL)
Two-Month-Old Mice
172 NHD13 4.0 0.5 3.2 15.4 50.9 577
203 NHD13 21 0.2 1.6 14.3 50.5 414
207 NHD13 3.1 0.4 25 13.9 50.6 443
210 NHD13 43 0.8 3.0 13.7 51.7 438
215 NHD13 41 0.7 31 14.3 52.5 395
174 WT 9.9 0.8 8.7 16.6 496 665
212 WT 8.9 1.2 71 151 51.5 659
214 WT 7.8 0.8 6.4 15.4 51.3 625
216 WT 11.6 1.2 9.7 18.7 51.0 560
223 WT 5.5 0.3 5.0 14.3 51.6 451
Four-Month-Old Mice
578 NHD13 34 0.0 32 13.8 40.3 388
579 NHD13 3.7 0.5 27 14.8 471 446
596 NHD13 3.4 0.0 34 14.4 40.8 480
573 WT 8.6 1.3 53 17 447 670
556 WT 12.6 0.5 5.0 14.5 46.7 510
591 WT 10.2 1.1 8.4 16.3 414 587
Eight Month-Old Mice
597 NHD13 74 1.2 54 14.0 418 237
5243 NHD13 5.46 1.63 238 10.9 58.2 153
5274 NHD13 492 1.52 0.61 54 63.9 245
638 WT 7.8 0.0 7.3 12.8 394 443
599 WT 6.7 0.4 6.3 14.6 40.7 426
292 WT 5.0 0.7 3.8 13.7 454 489

WT — Wild type, NHD13 — Nup98-HoxD13, WBC = white blood cell, MCV - mean corpuscular
volume, Lym - lymphocyte, Gra - granulocyte, Hgb — hemoglobin.
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Thesis Summary and Future Direction

A subset of MDS patients have dysplastic MK in their bone marrow, and present with
macrothrombocytopenia. The purpose of this research was to investigate these dysplastic MK
seen in NHD13 mice as a model for understanding the phenotype seen in patients with macro
thrombocytopenia. The study employed the use of a mouse model for MDS: transgenic mice
which express the NHD13 leukemic fusion recapitulate the key features of MDs including
dysplastic MK and macrothrombocytopenia. The objective for the thesis research was to
determine the effects of the NHD13 leukemic fusion gene, on MK development.

Lin and colleagues showed that transgenic mice expressing the NHD13 fusion gene
present with dysplastic MK and macro platelets by seven months of age [11]. In this thesis,
further studies on subclinical and clinical mice were performed to determine the effect of MDS
on MK development during disease progression, as well as platelet development. NHD13 mice
presented with macro platelets as early as two months of age. NHD13 mice with clinical
disease presented with more macro platelets when compared to subclinical mice and also had a
precipitous drop in platelet count. Thus, the progression of disease results in increased macro
platelets and thrombocytopenia in NHD13 mice. MK production and development was studied
as a pathway leading to platelet production defects. Although MK count comparison between
subclinical WT and NHD13 mice was not significantly different, NHD13 BM contained few
irregularly shaped MK. The MK also appeared faded with fragmented nuclei. But MK counts
reduced drastically with disease progression, as did the propensity of dysplastic MK in clinical
NHD13 mice. The results suggest that NHD13 fusion gene impairs differentiation and results in
dysplastic MK. The results also suggest that dysplastic MK and MK hypoplasia in NHD13 BM

may be the cause of thrombocytopenia in clinical mice.
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As the MK progenitor cell develops into a mature MK, the nuclear:cytoplasmic ratio
decreases, a DMS forms in the cytoplasm, and extension or proplatelets form from the
cytoplasm. The ultrastructural features were studied in cultured MK to determine if the fusion
gene perturbs MK development. Dysplastic NHD13 MK had larger nuclei with increased
chromatin condensation. The nuclei were also angular compared to WT MK. These nuclear
features are characteristic of apoptotic cells. The chromatin condensation in NHD13 MK may
explain the nuclei fragmentation in NHD13 BM MK. Dysplastic NHD13 MK also had little to no
DMS formation, fewer proplatelet formations, and fewer but larger dense particles. The results
showed that the NHD 13 fusion impairs many facets of MK differentiation. Moreover, the results
may explain why some MDS patients develop thrombocytopenia: Fewer MK in BM, impaired the
DMS and proplatelet formations can lead to a precipitous drop in platelet production.

Studies show that MK shape, polyploidization, proplatelet formation and release of
platelets are partly regulated by the cytoskeleton proteins including actin, myosin, tubulin,
dynamin and spectrin. Furthermore, deregulation of such proteins results in platelet disorders
including macrothrombocytopenia. Considering the dysplastic features observed, it was
reasonable to investigate the cytoskeleton in dysplastic MK as a target of the NHD13 fusion
gene. The hypothesis was that actin dynamics were impaired in NHD13 transgenic mice leading
to impaired DMS and proplatelet formation. The results showed that MK myosin lla and a/f
tubulin cytoskeleton was uncompromised. On the other hand, actin dynamics were hindered
during MK maturation. First, actin localization was aberrant in NHD13 MK. Secondly, NHD13
MK showed diminutive actin cytoplasmic extensions, normally part of proplatelet architecture.
Third, NHD13 proplatelet bifurcation processes needed for correct platelet sizing was absent.
We show here that aberrant actin may be a major contributory factor in macro platelet seen in

NHD13 mice, impaired DMS and proplatelet formation, as well as macro platelet release. Since
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actin plays a crucial in the release of uniformly sized platelets, these results may explain the
macro platelet feature seen in MDS patients.

These studies were conducted exclusively in primary murine MK to advance the
understanding of how MK development is affected during MDS disease progression, and have a
better understanding of the facet of the cell perturbed by the NHD13 fusion gene. The study
sheds insight into how NHD 13 mice that model MDS may develop macro thrombocytopenia and
these effects are summarized in Figure 11: Either MK get depleted in the BM as disease
progresses, DMS formation is impaired, or its proplatelet biology is hindered. We show that
perturbed actin cytoskeletal dynamics may be a pathway leading to the clinical presentations of
dysplastic MK and defective platelets. Thus, we elaborate the importance of actin in disease, as
reported for microtubules and myosin in MK.

Although these studies show that perturbed actin dynamics leads to dysplastic MK in
disease, the question left unanswered is how the NHD13 gene interacts with the actin
cytoskeleton in MK. The objective of future studies will be to determine the molecular
mechanism(s) by which the NHD13 gene interacts with and impairs the actin cytoskeleton in MK
and this is the question which will be addressed in future studies. The WASp signaling pathways
is a key regulator of actin dynamics, Studies suggest that Runx1 may regulates actin
cytoskeletal organization via interaction with the WASp [163], which regulate actin cytoskeleton
polymerization and organization [166, 167]. Futhermore, research indicates the propensity of
Runx1 mutations in many blood malignancies including leukemias [164, 165]. Taken together, it
is reasonable to suggest NHD13 impairs actin dynamics via dysregulation of Runx1.
Identification of the novel target of NHD13 using our model system should reveal potential

therapeutic targets in the MK development pathways leading to improved patient care/survival.
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Figure 11: Model for impaired MK development in NHD13 mice. The studies outlined in this
thesis shows how NHD13 transgenic mice may develop dysplastic MK and macro
thrombocytopenia. The results show that macrothrombocytopenia may be a result of impaired
megakaryocyte development due to aberrant actin dynamics. Aberrant actin dynamics affects
MK DMS and proplatelet formation. Although the actin cytoskeleton is impaired, the mechanism
underlying this process is unknown. Future studies will investigate the molecular mechanism(s)

by which NHD13 perturbs actin dynamics. The may lead to the identification of a novel master

regulator.
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Appendices

Appendix A

Experimental Protocols

1.1 Megakaryocyte (MK) Culture Protocol

1. Flush total BM from tibias and femurs of mice into phosphate buffered saline (PBS)
(SH30256.02, Thermo Scientific, Logan, Utah, ) supplemented with 2% bovine serum
albumin (BSA) (15260037, Invitrogen) and penicillin/streptomycin (P/S) (SV30010,

Thermo Scientific).

2. Make flushed BM into single cell suspension by pipetting up and down gently.

3. Isolate hematopoietic progenitor cells from total BM by enrichment using magnetic
bead-based negative selection with the mouse hematopoietic progenitor enrichment kit

(19756, StemCell Technologies, Vancouver, BC).

4. Culture isolated progenitor cells in serum-free StemSpan (09655, StemCell
Technologies) containing 2% P/S and supplemented with 50ng/mL thrombopoietin

(Tpo) (31514, Peprotech, Rocky Hill, NJ ) for up to five days.

5. Culture cells in 25cm? tissue culture Flask (353109, BD Biosciences, San Jose, CA) in
5mL total media.

6. After five days culturing, gently remove media culture into 15mL tubes (1475-0501,
USA Scientific, Ocala, FL). Centrifuge cultured cells at 200 xg and resuspended in

1mL PBS.
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7. Harvest MK by passing the cell suspension over a 1.5%/3.0% BSA gradient for 45
minutes. Here, first pipette 2.0mL 3.0% BSA solution (in PBS) to the bottom of a 25mL
tube, followed by gently topping it with 2.0mL 1.5% BSA solution. Then gently pipette
the 1.0mL MK suspension onto the top. Cover and allow separation without disturbing.

MK settle to the bottom of the tube.

8. Gently remove solution until about 1.0mL left at the bottom. Centrifuge bottom layer art

200xg and resuspend MK in 5mL PBS and keep on ice until ready to use.

Note: To assay proplatelet formation functionality, progenitor cells were cultured in StemSpan
supplemented with 50ng/mL Tpo and 10ng/mL estradiol (E4389, Sigma-Aldrich, St Louis, MO),

a proplatelet inducing cytokine.

Culture BM progenitor cells in StemSpan
+ Thrombopoietin only or plus estrogen

Cell Culture
Bone Marrow Cells
(Day 0) } 1.5/3.0% BSA
Pellet } Pe”et
Megakaryocytes
(MKs)

Figure 12: Schematic representation for the step-wise procedure of in vitro MK
culture.
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1.2

Adhering MK to Fibrinogen-coated slides

Dilute fibrinogen (F4385, Sigma Aldrich) stock solution to 1 ug/mL in PBS.
Pipette 200uL of fibrinogen solution into each 8-well chamber slide (C7182, Sigma
Aldrich). Cover and coat slides overnight at 4°C. Slides should be placed in a humidified

chamber to prevent drying.

Remove slides from solution and wash chambers gently, ones with PBS.

Pipette 200uL of 2% BSA into chambers to cover the surface area. Incubate for 1 hour at

room temperature.

Resuspend harvested MK (Appendix 1.1) in culture media (StemSpan/ 50ng/mL TPO/

P/S).

Gently pipette 200uL of resuspended MK solution in fibrinogen coated chambered slide

and allow MK to adhere for 4 hours.

Gently capsize the slide to get rid of excess medium and unattached MK.
Gently wash adhered cells ones with PBS.

Cells are ready for downstream experiment procedures (Immunofluorescence).
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1.3

10.

Immunofluorescence

MK are harvested as described above (Appendix 1.1).

Adhere MK to fibrinogen-coated glass slides for four hours at 37°C (Appendix 1.2)

Fix MK by pipetting 4% paraformaldehyde (158127, Sigma Aldrich) to cover them for 15
min at room temperature. Gently dip slides in PBS five times to wash off

paraformaldehyde.

Following fixation, permeabilize MK with 0.1% Triton-X solution (234729, Sigma Aldrich)

in PBS for 10 min.

Briefly wash slides with PBS.

Block MK with 5% fetal bovine serum (SH30071, Thermo Scientific) solution (in PBS) for

one hour in humidified chamber.

Briefly wash slides with PBS.
Label MK with Alexa Fluor® 488 Phalloidin Conjugate (A12379, Invitrogen), rabbit anti-

mouse myosin lla (3403, Cell signaling), or rabbit anti-mouse a/f tubulin antibody (2148,

Cell Signaling). Dilution for all antibodies is 1.0uL antibody to 200uL PBS (with 2% FBS).

Wash cells by incubating with 300uL PBS for 5 minutes and pour off. Perform this five

times.

Label rabbit myosin Ila and a/f tubulin antibodies with anti-rabbit Alexa Fluor® 488
conjugate (4413, Cell Signaling) and anti-rabbit IgG Alexa Fluor® 488 Conjugate (4412,
Cell Signaling) secondary antibodies, respectively. Dilution is 1.0puL antibody to 1000uL

PBS (with 2% FBS).
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11. Wash cells by incubating with 300uL PBS for 5 minutes and pour off. Perform this five

times.

12. Allow slides to dry briefly (about 5 minutes) and then mount slides (Vectashield mounting

medium with DAPI, H1200).

13. Visualize labeled MK using either confocal microscopy (Zeiss LSM 510) or fluorescence

microscopy (Olympus BX-51).
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1.4

10.

Flow Cytometry Analysis of MK DNA Content

For cell sorting you want plenty of cells (1x10°) as possible. Keep cells and antibodies on

ice. Keep antibodies and stained cells in the dark.

Pipette cells into four 15ml tubes and spin at 100xg for 8minutes at 4°C.

Pour off supernatant.

Resuspend cells in 100uL of the following antibodies and incubate 25 minutes in
refrigerator.

(Tube 1) PBS+2%FBS (unstained control)

(Tube 2) 1:250 CD41-FITC (25041182, eBioscience, San Diego, CA) in PBS+2% FBS
(FITC control)

(Tube 3) 1:250 CD41-FITC in PBS+2% FBS. To be stain later with propidium (P1).

(Tube 4) PBS+2%FBS (PI control)

Wash two times with 2ml PBS with 2% FBS.
Spin down MK cultures at 200 xg for 5min in benchtop centrifuge.
Wash MK with 1 ml PBS at 200xg for 3min.

Resuspend cells in 200ul PBS, pH7.4. Fix cells by adding 1.8ml 70% cold ethanol drop-

wise while vortexing the cell suspension at low speed.

Spin down the fixed cells at 200g for 3min in benchtop centrifuge. Wash once with 1 ml

PBS.

Prepare the following staining solution with the following final concentrations per 1ml
total solution:

50ug/ml propidium iodide (81845, Sigma Aldrich)
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4 mM sodium citrate (W302600, Sigma Aldrich)
100u/ml RNase A (R4642, Sigma Aldrich)

0.1% Triton X-100

11. Resuspend the cell pellet in 0.5-1 ml of staining solution 0.5 to 1 hour before flow
analysis. Staining solution is added to all tubes except tube 1 (unstained control) and

tube 2 (CD41-FITC control).
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Appendix B

Publications

1. Abdul Gafoor Puthiyaveetil, Benjamin Okyere, Christopher Reilly, David Caudell
Diverging in vitro antibody isotype switching preference in B-lymphocytes from C57BL/6

and FVB mice, In Vivo, 2013 Jan-Feb;27(1):29-39.
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Appendix C
Poster Presentations
Benjamin Okyere, Jacob Cawley, Abdul Gafoor, Bettina Heid, David Caudell. A NUP98-
HOXD13 leukemic fusion gene leads to aberrant actin localization in dysplastic
megakaryocytes. Twenty-third Annual Research Symposium, Virginia-Maryland

Regional College of Veterinary Medicine, Blacksburg, VA, 2011 (poster presentation).

Benjamin Okyere, Jacob Cawley, Abdul Gafoor, Bettina Heid, David Caudell. Aberrant
actin localization leads to dysplastic megakaryocytes in mice expressing the NUP98-
HOXD13 leukemic fusion gene. Twenty-fourth Annual Research Symposium, Virginia-
Maryland Regional College of Veterinary Medicine, Blacksburg, VA, 2013 (poster

presentation).
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Appendix D

Graduate Awards

1. Outstanding PhD Poster, 23™ Biomedical and Veterinary Science Symposium, Virginia-

Maryland Regional College of Veterinary Science, Virginia Tech, September 30, 2011.

2. Outstanding Masters Poster, 24"™ Biomedical and Veterinary Science Symposium,
Virginia-Maryland Regional College of Veterinary Science, Virginia Tech, March 21,

2013.
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Appendix E

Awarded Grants

1. Graduate Research and Development Program Award, Virginia Tech, Graduate

Students Association, December 2012.
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