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Abstract

Molecular genetics of myeloid malignancy predisposition:
Insights into pathogenesis and therapeutic translation

Michelle C. Krutein

Chair of the Supervisory Committee:
Professor Marshall S Horwtiz

Department of Pathology

Preleukemic diseases are highly informed by genetic predisposition and require
appropriate models for studying pathogenesis and the progression to hematological malignancy.
Although rare, familial platelet disorder (FPD) and severe congenital neutropenia (SCN) have
few or no therapies available to patients and also possess high rates of leukemic transformation
to myeloid malignancy. With these points in mind, my graduate work aimed to elucidate the
molecular mechanisms of ELANE-associated severe congenital neutropenia, identify new
genetic mutations causing preleukemic diseases, and evaluate novel therapies for platelet
disorder with predisposition to myeloid malignancy.

Familial platelet disorder with predisposition to acute myelogenous leukemia is an
autosomal dominant disorder caused by monoallelic mutation of RUNX1, initially resulting in
half-normal levels of RUNX1 protein. Patients develop leukemia only after a protracted
prodrome consisting of thrombocytopenia and bleeding diathesis relating to functional platelet
granule deficiency, suggesting that early intervention affords an opportunity for preventing
malignant transformation. We hypothesize that pharmacological inhibition of RUNX1 protein

degradation may normalize RUNX1 protein levels and restore platelet numbers and function.



RUNX1 is rapidly degraded through the ubiquitin-proteasome pathway. Moreover, RUNX1 auto-
regulates its own expression. A predicted kinetic property of auto-regulatory circuits is that
transient perturbations of steady-state levels result in continued maintenance of expression at
adjusted levels, even after inhibitors of degradation or inducers of transcription are withdrawn,
suggesting that transient inhibition of RUNX1 degradation may have lasting effects. Here we
evaluate cell lines, FPD/AML patient derived induced pluripotent stem cells (iPSC), and
FPD/AML primary bone marrow cells and show that, in some circumstances, transient
expression of exogenous RUNX1 or inhibition of steps leading to RUNX1 ubiquitylation and
proteasomal degradation restore RUNX1 levels, thereby advancing megakaryocytic
differentiation in vitro. Thus, drugs retarding RUNX1 proteolytic degradation may represent a
therapeutic avenue for treating bleeding complications and preventing leukemia in FPD/AML.
Heterozygous mutations in ELANE, encoding the potent serine protease, neutrophil
elastase (NE), cause cyclic neutropenia (CyN) and are the most common cause of severe
congenital neutropenia (SCN). Patient presentation is marked by profoundly low neutrophil
counts accompanied by predisposition to myelodysplasia (MDS) and acute myeloid leukemia
(AML). There is no unified theory of SCN or CyN pathogenesis. However, out of the >100
mutations recorded in SCN and CyN, none of these mutations have been found to encompass
the three catalytic residues necessary for NE proteolysis, which may suggest retention of these
residues is important for SCN and CyN pathology. To address this question, | developed novel
iPSC models of EA-associated severe congenital neutropenia via genome editing strategies
using CRISPR-Cas9 targeting with homology directed integration of synthetically designed non-
viral vectors. These vectors either harbored an aggressive SCN mutation or a single residue
substitution of the catalytic serine of neutrophil elastase. Additional work must be performed to
generate iPSC lines possessing both the SCN and catalytic inactivation mutation in cis as well
as a wild type ELANE control iPSC line. All vectors contained a green fluorescent protein (GFP)

gene trap whereby mutant NE expression is announced through GFP reporting.



These cell lines allow us the opportunity to investigate how catalytic activity of neutrophil
elastase influences neutrophil development and SCN pathology, both questions that are
unanswered or under scrutiny in the field. It is also critical to mention that our method of
genome editing creates models whereby expression of the mutant protein is detectable through
a reporter. This characteristic makes our models superior to other existing iPSC models that
have not been able to achieve mutant protein reporting due to direct reprogramming of primary
SCN samples. Additionally, these integration vectors can be easily adapted to harbor any
desired changes in exon 4 or 5 of ELANE. Lastly, although neither homozygous or S202A
mutations in ELANE have been observed in normal, SCN, or CyN individuals, these novel cell
models will provide us with the tools to determine the interaction between NE proteolysis and
granulopoiesis in both normal and diseased states.

Congenital neutropenia is a genetically heterogeneous disease whereby our lab has
contributed to this growing list of genetic factors found causative of neutropenia. In order to
expand the current knowledge of neutrophil development and biology it is critical for us to
continue the search for novel genes or mutations that produce a neutropenic phenotype.
Genetic screening of neutropenic children in two unrelated families revealed the same T679I
variant of unknown significance in the gene SUZ12. A critical transcription factor governing stem
cell differentiation, SUZ12 protein normally facilitates epigenetic remodeling through global
H3K27me3 yet has not been reported as having a role in neutrophil development specifically. |
reprogrammed primary patient samples to SUZ12-iPSCs and subsequently subjected them to
hematopoietic stem cell (HSC) and neutrophil differentiation which recapitulated phenotypes
observed in patients. Epigenetic landscape evaluation of SUZ12-iPSCs via western blot and
chromatin immunoprecipitation sequencing (ChlPseq) revealed reduced H3K27me3 repressive
genome markers, elevated H3K4me3 activation markers, and some differences in SUZ12
binding. These studies reflect the first report of mutations in epigenetic proteins, more

specifically SUZ12, as being causative of SCN.
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Chapter 1

Introduction
1.1. Hematopoiesis

Hematopoiesis is the process whereby all blood cells are created within the body.
Although not completely understood, conventional wisdom suggests hematopoiesis is temporally
and spatially divided into two waves throughout human development (1). First to occur is the
primitive wave, which produces the body’s first blood reservoir. Following gastrulation, the yolk
sac (YS) begins to generate blood islands from the extraembryonic mesoderm that contain large,
nucleated erythroblasts expressing both embryonic (¢) and fetal (y) hemoglobin (2, 3). These
proteins allow specialized erythrocytes to deliver oxygen rapidly to the developing embryo (2).
This wave also produces the body’s first macrophage and megakaryocyte progenitors, the latter
ultimately supplying the embryo with its first, small platelet pool (4). Recent literature shows this
initial cell population is unique in that they do not develop from hematopoietic stem cells (HSC)s,
which is strictly the case in later stages of hematopoiesis (5, 6). Knock-out studies have concluded
that expression of genes RUNX1, HOXA3, GATA2 and NOTCH1 initiates the primitive wave and
are critical developmental switches that continue to shepherd both early and late hematopoiesis
(7-10).

Definitive hematopoiesis occurs in the aorta-gonad-mesonephros (AGM), where HSCs
emerge and give rise to cells of myeloid, lymphoid, and enucleated erythroid lineages (5). A
portion of cells subsequently migrate to the fetal liver, where mature HSC populations are
established at multiple sites within the body by week 9 of gestation (11, 12). It is then during late
gestation when hematopoietic precursors start to seed the bone marrow. Shortly after birth,
erythrocytes undergo hemoglobin switching, whereby the embryonic and fetal hemoglobin genes
are silenced and adult hemoglobin (B) is exclusively expressed for the remainder of life (13). This

hemoglobin transition is optimized for necessary oxygen exchange in adults and is one of the key



examples of developmental divergence between early and late hematopoiesis. The bone marrow
is the primary site of HSC activity in adulthood, and ultimately gives rise to all blood cells before
they exit into circulation (14). The bone marrow houses one of the few large, adult stem cell
populations within the human body. This stable population of HSCs constantly drive
hematopoiesis, and although it is not technically considered an organ, these cells have the unique
ability to be transplanted where they quickly replenish the recipient’s blood supply and can
continue to do so for the remainder of their life.

Attempts to model human hematopoiesis in vitro have proved complex as fetal HSCs are
in low abundance and present at various stages of maturation and proliferation, with no or limited
capacity for transplantation (15). Cord blood harvested from babies immediately after birth can be
effectively transplanted so these samples are rarely used for in vitro studies (16). Adult HSCs are
commonly used to model hematopoiesis because they are very abundant and have the ability to
undergo in vitro differentiation into various cell types. However, cell culture conditions for HSC
maintenance is rarely successful as the cells have limited capacity to expand or self-renew in
vitro. Additionally, heterogeneity in differentiation can obstruct our ability to confidently define
developmental niches and lineage mapping, therefore preventing their use in transplantation (5).
Induced pluripotent stem cells (iPSC)s can also be subjected to in vitro hematopoietic
differentiation. This can provide us with immense knowledge in the case of modeling genetic
diseases, however, it is important to note that the cells generated resemble a developmental route
more closely related to fetal instead of adult hematopoiesis (17). This molecular observation
during iPSC differentiation in vitro indicates current iPSC-derived cells are incapable of surviving
and thriving post-transplantation. New iPSC studies have utilized the power of transient
expression of master regulators of hematopoiesis, including leukemia driver mutations such as
the chromosomal translocation-generated MLL-AF4, to influence maturation capacity. These
samples were found to successfully engraft in mice, although the long-term risk of leukemic

transformation was, perhaps not surprisingly, significantly increased (18).



On the whole, we have made great strides in the field of developmental hematology, yet
these gains currently reveal more basic science discoveries that although insightful, do not
necessarily translate towards clinical application for the aforementioned reasons.

1.2. Cells of the Blood: Myelopoiesis and the myeloid lineage

There are over a dozen different types of specialized blood cells circulating within our
bodies, all of which perform specific functions such as: oxygen delivery, maintaining immunity,
wound mitigation via clotting, waste removal and more (12). The developmental ‘tree of
hematopoiesis’ has evolved with research over the years to represent the pathways of blood cell
maturation, commitment, and function. Starting with an HSC acting as a seed, the tree first
branches off into two groups: lymphoid and myeloid by way of an intermediate, short lived
multipotent progenitor (MPP).

Lymphoid cells account for B and T cells as well as all their many subtypes to govern our
adaptive immune system. Cells in this lineage slowly learn to facilitate targeted responses to
specific pathogens and in turn form long term memory against them to prepare the body for future
exposure. There are additional lymphoid cells defined as innate lymphoid cells (ILC)s, an example
being natural killer cells (NK)s that interestingly bridge innate and adaptive immunity by
assembling quickly and impartially to attack pathogens, yet utilizing the same molecular tactics
as T cells (19). Dendritic cells are another example of a unique cell type in that it can arise from
both lymphoid and myeloid origins (20). The lymphoid lineage of cells is critical to human health,
but not the focus of this dissertation. For more information on this order of cells, refer to (21-25).

The myeloid lineage claims the other first line of HSC commitment. Myelopoiesis is the
broad term used to describe development of the myeloid compartment, representing a broad class
of granulocytes, as well as monocytes, red blood cells (RBC)s, megakaryocytes (MK)s and in turn
platelets, including all the progenitors and precursors that precede them. Still, within the confines
of the bone marrow, an HSC first transitions to a common myeloid progenitor (CMP), an

oligopotent progenitor capable of producing all various types of myeloid cells (26). The CMP then



undergoes further commitment where it can branch into one of two directions; a
granulocyte/monocyte restricted progenitor (GMP) or a megakaryocyte/erythrocyte restricted
progenitor (MEP) (27). This process is achieved by strictly regulated gene expression profiles,
which will be discussed later in this chapter.

As indicated in the name, the GMP has the capability to differentiate into a monocyte or a
granulocyte, a broad term to describe a subset of cells such as a mast cell, neutrophil, eosinophil
or basophil. All of these cells each have their own set of precursors that ultimately represent the
stages of granulopoiesis. Granulopoiesis takes place exclusively within the bone marrow until
cells reach the final stages of maturation and are released into circulation. Granulocytes are so
named because they possess granules, compartments of enzymes and other agents to assist in
their cellular functions (28). It is also important to note that all of the cells generated from GMPs
are involved in the other arm of our immune system, innate immunity (29). As opposed to the
lymphoid lineage that rules our adaptive immunity, cells involved in innate immunity constantly
survey our bodies for pathogens and when activated can launch non-specific, rapid responses to
curb infection (29). The term white blood cell (WBC) is a general designation to describe all the
cells within both arms of immunity.

Neutrophils, specifically, account for the majority of the WBCs in circulation. They employ
multiple tactics to combat infection, one being phagocytosis, or the consumption of extracellular
material, which is then trafficked to granules to facilitate decomposition. There are four different
classes of neutrophil granules whose contents can also be released into the extracellular space
to launch large scale immune response in a process called degranulation (30). Degranulation can
also occur at sites of injury or inflammation in the absence of infection, whereby potent, unspecific
granule proteins can degrade healthy tissue, most commonly observed in cases of chronic
pulmonary diseases (31). Monocytes and their mature counterparts, macrophages, as well as
mast and dendritic cells also have the ability to phagocytize, however these cells are far less

abundant in circulation. Neutrophils also have the capability to unleash a suite of cytokines and



chemokines to recruit additional immune cells to the site of activation (32). Although this attribute
is shared among other cell types, it further highlights the critical role neutrophils play in our innate
immunity.

On the other side of immediate CMP differentiation, the MEP bears a smaller branch of
the developmental tree, representing erythrocytes, or RBCs, as well as megakaryocytes (27). The
latter eventually sheds its cellular components encapsulated in portions of membrane to yield
thrombocytes, otherwise known as platelets. Red blood cells are the most abundant cell in our
blood. As described earlier, the primary function of RBCs is to facilitate oxygen delivery and
carbon dioxide clearance at all sites within the body, governed by the protein hemoglobin.

Megakaryocytes have many unique properties, one example being they are one of the few
terminally differentiated blood cells that permanently reside in the bone marrow (33).
Megakaryocytes also undergo endomitosis, whereby they achieve all the steps of mitosis however
fail to complete anaphase or cytokinesis, leaving them polyploid, with up to 128 copies of each
chromosome per cell (34). Although rare (~0.01% of blood cells), MKs are the largest cell of the
blood (~50-100uM) and in turn give rise to the smallest blood cells, thrombocytes or platelets (2-
3uM) (35). These platelets are released at the tips of proplatelets, long MK processes that extend
to sinusoidal blood vessels where they are then transported across into circulation (36). Each
megakaryocyte has the ability to produce 10* platelets into circulation with a lifespan of 7-10 days
(37, 38). Platelet formation is the primary function of MKs, as these cell fragments are critical for
maintaining hemostasis or thrombosis, which is the process of blood clot formation (39).

Blood as a whole plays a paramount role in maintaining homeostasis. A myriad of cell
types within the blood and bone marrow work together to deliver oxygen and nutrients to all
tissues, defend against invading pathogens, and prevent blood loss through clotting (6, 40, 41).
However, this complex system can be easily be disrupted in the case of hematological diseases,
those of which can ultimately have fatal consequences.

1.3. Preleukemia: cytopenia and myelodysplastic syndromes



The term ‘preleukemia’ was first described by Block in 1953 as a hematopoietic disorder
presenting with a block in myeloid cell development paired with chronic cytopenia, or an
insufficient amount of a certain mature cell type (42). Normally, blood cell progenitors within the
marrow adhere to an ordered pathway of maturation where few progenitors yield many mature
cells. However, in the case of preleukemic disorders this route is molecularly corrupted due to
genetic mutations that prevent cells from reaching their mature, functional form. This leads to an
overrepresentation of progenitors within the marrow combined with a lack of mature, functional
cells within circulation (43). For the purpose of this thesis | will be focusing specifically on
congenital preleukemic disorders although many of these can also be found sporadically in the
population, or via somatic, acquired mutations.

In the time since 1953, congenital preleukemic disorders have evolved to be known as
inherited bone marrow failure syndromes (IBMFS) those of which can progress to myelodysplastic
syndrome (MDS) (43). These syndromes possess a clonal population of cells harboring a genetic
mutation that predisposes them to acquire additional mutations or epigenetic changes which can
progress to overt leukemia or other malignances (44). There are multiple categories of IBMFS
and MDS that are graded based off of morphologic characteristics, proliferative status, and
cytogenetic presentation of the bone marrow cells (45). Acute myeloid leukemia (AML) is the most
common type of cancer to be associated with IBMFS and MDS and is known to have both high
morbidity and mortality (46, 47). The typical pathway of disease progression begins with IBMFS-
related cytopenia, which can advance to MDS at any time or rate, thus priming the individual for
leukemic transformation to AML or rarely other forms of leukemia or solid cancers (44). Although
not all preleukemic individuals develop cancer during their lifetime, the ominous pathway to
malignancy is laid out at the genetic level and can have devastating effects upon families
unfortunate enough to inherit germline mutations predisposing to bone marrow failure.

1.4. Genetics of preleukemic diseases



Preleukemic diseases can arise from somatic or germline mutations within genes involved
in blood cell development (48). Pediatric cases of preleukemic disorders are most often attributed
to germline mutations. Adults often present with somatic mutations acquired over their lifetime,
while de novo mutations can be found in both populations. Mutational and cytogenetic analysis of
these individuals is key, because knowing the affected gene can influence their risk of disease
progression and guide treatment approaches (49).

As stated, IBMFSs/preleukemia, represents a genetically heterogenous group of
disorders. There are many single-gene loci that when mutated, cause a spectrum of
hematological pathology while predisposing the individual to an increased risk of MDS and/or
AML for their lifetime (Table 1.1). Substitutions, insertions, and deletions have been found in the
following genes: FA complementation group genes, DKC1, RUNX1, ANKRD26, RPS genes,
HAX1, SBDS, ELANE, CSF3R, WAS, GFI1, GP63, GATAZ2 and others have all been implicated
as causative of distinct IBMFSs, each with their own uniquely associated clinical features,
predisposing to MDS/AML (43, 46, 48, 50, 51). For clarity this review will be organized by the
associated primary cytopenia.

1.4.1. Pancytopenia

Dyskeratosis congenita (DC) is an IBMFS characterized by the mucocutaneous triad: nail

dystrophy, mucosal leukoplakia and lacy skin pigmentation (52). Although DC can manifest in
multiple systems (neurological, gastrointestinal, skeletal and others) bone marrow failure is the
main cause of mortality in these individuals. Pancytopenia occurs in the majority of patients early
on, with >90% of patients experiencing total bone marrow failure or multiple peripheral cytopenias
by the age of 40 (53). Affected individuals also have a 40% risk of malignant transformation to
MDS, AML or solid tumors by the age of 50 (54).

Inheritance can be autosomal dominant or recessive as well as X-linked, depending on
the gene mutated. Many genes have been identified in DC: DKC1, TERT, TERC, TINF2, TTEL1,

NOP10, NHP2, WRAP53, CTC1, and PARN (46). A telomere biology disorder, DC-associated



genes are involved in maintaining telomere length and stability, therefore when mutated, cells
generated possess extremely short telomeres (55). Diagnosis of DC is not always straightforward
as some patients do not present with symptoms until late childhood or early adulthood due to the
fact that the disorder exhibits genetic anticipation through intergenerational shortening of
telomeres (48).

Fanconi anemia (FA) is another rare predisposition syndrome to bone marrow failure and

malignancy caused by homozygous or compound heterozygous mutations in one of the 19 genes
within FA complementation groups (FANCA-FANCP) (56). These groups normally mediate the
repair of stalled DNA replication forks and homologous recombination, thus in the case of FA
genetic alterations result in chromosomal fragility (51). Following autosomal recessive or X-linked
inheritance, FA typically presents with congenital anomalies and pancytopenia leading to
complete bone marrow failure within the first decade of life (43). A truly multi-system disease, FA
can rapidly progress to MDS, AML or solid tumors due to increased chromosomal breakage. This
is clearly reflected in that the projected median survival age for FA, which is only 23 years (48).
Interestingly, heterozygous carriers of many of the FA genes, such as BRCA1, are themselves
predisposed to adult onset cancers.

1.4.2. Thrombocytopenia

Familial platelet disorder with propensity to myeloid malignancy (FPD/AML) is an

autosomal dominant, hereditary disorder caused by germline, heterozygous mutations in the
transcription factor (TF) runt-related transcription factor 1 (RUNX1). The majority of cases harbor
loss of function mutations, resulting in haploinsufficiency, or half-normal levels of RUNX1 protein
(57). Hypomorphic alleles with reduced activity or dominant-negative alleles have also been
reported in FPD/AML (58). Known as one of the “master regulators” of hematopoiesis, RUNX1
normally binds to its core binding partner CBF to form a complex that can bind to DNA regulatory
domains of genes involved in blood development (59, 60). Similar to other TFs, wild type (WT)

RUNX1 protein can also autoactivate its own expression to create a stable feedback loop to



maintain downstream gene profiles (61). Both of these processes can be severely disrupted in
FPD/AML.

FPD/AML patients often present with mild to moderate thrombocytopenia, abnormal
megakaryocytes, and platelet granule defects, ultimately resulting in bleeding/bruising (62, 63).
Importantly, FPD/AML is one of several autosomal dominantly inherited disorders predisposing
to MDS/AML and less commonly T-cell acute lymphocytic leukemia (T-ALL), chronic lymphocytic
leukemia (CLL), and chronic myelomonocytic leukemia (CMML) (63, 64). Heritable RUNX1
mutations collectively account for a high proportion of all leukemia, regardless of family history
(65).

ANKRDZ26-Related thrombocytopenia (ANKRD26-RT) also known as thrombocytopenia

2, this disorder is caused by single nucleotide substitutions and small deletions within the
promoter and/or 5’ untranslated region of ankyrin repeat domain 26 gene (ANKRD26) (66).
Although the molecular implications of these mutations are not yet fully known, theories suggest
that the mutated promoter of ANKRD26 escapes normal downregulation by RUNX1, which is
believed to be necessary for megakaryocyte development and proplatelet formation (67). Patients
present with moderate thrombocytopenia resulting in mild bleeding and are greatly predisposed
to undergo leukemic transformation to MDS, AML or chronic myeloid leukemia (CML) (68). Initially
thought to be very rare, this autosomal dominant disorder has recently been reported in 11
additional families in Italy making it a more prominent form of inherited thrombocytopenia
predisposing to malignancy than first believed (69).

1.4.3. Anemia

Diamond-Blackfan anemia (DBA) is an IBMFS presenting with congenital anomalies and

red cell hypoplasia or failure, with an increased incidence of developing cancer (70, 71). Diagnosis
typically occurs within the first year of life due to pronounced anemia. An autosomal dominant
inherited disorder of ribosome biogenesis, a suite of genes have been implicated in DBA: RPS19,

RPS17, RPS24, RPL35A, RPL5, RPL11, RPS7, RPS26, and RPS10 (72, 73). Longitudinal



studies have concluded that DBA patients have an elevated risk of MDS, AML, colon cancer,
osteoscarcoma and HPV-related cancer (70) whereby 20% of individuals progress to MDS/AML
during their lifetime (51). Interestingly, an equivalent proportion of DBA patients undergo
spontaneous remission, the reason for which is unknown (74).

1.4.4. Neutropenia

Kostmann syndrome (KS) is an IBMFS within the umbrella of severe congenital

neutropenia (SCN) caused by homozygous, germline mutations in the gene HCLS1-associated
protein X-1 (HAX1). Encoding a protein with the same name, HAX1 is known to function in signal
transduction and cytoskeletal control, but most importantly it plays a role maintaining inner
mitochondrial membrane potential and preventing apoptosis specifically in myeloid cells (75).
Early in life KS patients present with profound neutropenia with granulocytic maturation arrest
which can be paired with neurological symptoms, depending on the mutation (76, 77). Kostmann
syndrome accounts for approximately 7% of SCN cases (78). Leukemic transformation to AML in
KS has been observed in 20-40% of patients (75).

Shwachman-Diamond syndrome (SDS) also falls within the SCN group and is associated

with non-hematological pathologies such a pancreatic insufficiency and skeletal abnormalities
(79). This syndrome accounts for roughly 14% of total congenital neutropenia cases reported
(78). Homozygous, or compound heterozygous mutations in Shwachman-Bodian-Diamond
syndrome gene (SBDS) cause SDS due to faulty ribosome assembly. Hematological
presentations include neutropenia, with a smaller percentage of SDS patients experiencing
thrombocytopenia or anemia (80). Approximately one third of SDS cases undergo leukemic
transformation to MDS or AML (81, 82).

ELANE-associated congenital neutropenia accounts for the majority of inherited neutropenia

cases cataloged (>50%) (83). There are two types of ELANE-associated neutropenia with widely
different presentations, severe (EA-SCN) and cyclic neutropenia (CyN). Interestingly enough,

both forms are inherited via autosomal dominance or de novo heterozygous mutations in the gene
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ELANE and in some cases, the same mutation was reported in both EA-SCN and CyN presenting
individuals (84, 85). ELANE produces the protein neutrophil elastase (NE), a potent granule
enzyme involved in degradation of bacteria and necrotic tissues at sites of inflammation, which
frequently retains some level of catalytic activity, even when mutated (86). Unlike other forms of
IBMFSs characterized by haploinsufficiency of the mutated protein, all disease model studies to
date show that mutant NE is expressed, or theoretically expressed. This is because ELANE
mutations are mostly single residue substitutions, in-frame transitions, or nonsense mutations
restricted to the final exon, whereby the mutant transcript would escape nonsense mediated
decay. EA-SCN patients present with profound, life-long neutropenia, monocytosis, and a block
in neutrophil maturation at the promyelocyte stage (87). On the other hand, in the case of CyN,
neutrophil counts dramatically oscillate between normal to nearly zero on a 21-day cycle with
monocytes cycling reciprocally (88). Other than presentation, the primary difference distinguishing
EA-SCN from CyN is that EA-SCN has a high rate of leukemic transformation to MDS/AML while
CyN patients generally do not progress to MDS/AML.

There are three well-supported hypotheses for mutant NE pathogenesis, one being the
mislocalization hypothesis which states that mutations in NE ultimately disrupt its ability to traffic
to granules, causing proteolytic damage at unintended destinations (89-92). The misfolding
hypothesis is also accepted as a mechanism of disease for some mutations, whereby upon
expression, NE mutations cause the nascent protein to misfold, initiating the endoplasmic
reticulum (ER) stress response, with consequent activation of the unfolded protein response
(UPR) (93). It is thought that these events eventually force mutant NE-producing cells to
apoptose, explaining the evident block in maturation coincidently with ELANE expression at the
promyelocyte stage. Cell models and patient neutrophils have shown markers of ER stress by
way of BiP/GRP78 expression, and XBP1 mRNA splicing (90, 91, 94-96). The most recent
hypothesis for neutrophil elastase pathogenesis stems from our lab’s discovery of multiple SCN

patients with various mutations at or near the translational start site of ELANE (97-99). Upon
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thorough investigation it was found that Kozak ribosome binding site and translational start site
mutations produce three genetically intact short polypeptides by way of an internal ribosomal entry
site (IRES) nested within genomic ELANE. These short peptides bypassed ER homing and
mislocalized to the nucleus. Interestingly one of the three peptides was found to retain minimal
catalytic activity (90). It is important to note that in times of protein misfolding and ER stress, the
pathway of IRES-mediated translation is preferentially chosen over normal 5 cap-dependent
translation (100). Therein lies the mistranslation hypothesis, stating that ELANE start site
mutations and others known to induce ER stress/UPR will utilize internal start sites to produce
short, catalytically active, pathogenic polypeptides facilitating disease. This further supports the
notion that the three proposed mechanisms of disease are not mutually exclusive, rather more
likely complementary or additive.

Severe congenital neutropenia is genetically heterogenous with a small proportion (<5%

total cases) attributed to mutations in the genes CSF3R, WAS, GFI1, GP6C3 and others.

There are two classes of granulocyte-colony stimulating factor receptor 3 (CSF3R)
mutations that have been found as causative of SCN (101). The protein product, granulocyte-
colony stimulating factor receptor (GCSF-R) plays a huge role in granulopoiesis, more specifically
acting as a main driver of neutrophil development when activated by the presence of granulocyte-
colony stimulating factor (GCSF) (27). Hyper-responsive mutations in CSF3R due to C-terminal
truncations cause GCSF-R to enhance granulocytic proliferation at the expense of maturation
(102). Patients present with modest neutropenia and a block in neutrophil development within the
bone marrow, and have a strong predisposition to MDS and AML transformation (103). Hypo-
responsive mutations in GCSF-R act oppositely in that developing cells are unable to process
normal and therapeutic doses of GCSF due to disruptions in the extracellular domain and
therefore fail to mature (104). It should be emphasized, however, that most CSF3R mutations that
occur in association with SCN are of somatic, rather than germline origin, and may represent a

first step along transformation to MDS or AML.
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An extremely rare form of X-linked SCN is due to a mutation in Wiskott-Aldrich syndrome
gene (WAS) resulting in gain of function activity for the expressed protein Wiskott-Aldrich
syndrome protein (WASp) (105), whereas WAS mutations are more typically associated with
thrombocytopenia, one of the primary features of Wiskott-Aldrich syndrome. Constitutively active
WASD results in unregulated actin polymerization causing defects in mitosis and cytokinesis
which in turn target myeloid progenitors to decrease turnover and increase cell death (106, 107).
In conjunction with neutropenia, patients experience lymphopenia and altered neutrophil
phagocytic activity (106, 108, 109). Similar to ELANE and CSF3R associated SCN, there have
been reported cases of WAS-related SCN cases progressing to MDS and AML (105).

Roughly 1-2% of individuals affected with SCN harbor heterozygous mutations in growth
factor-independent protein 1 (GFI1) (110). Normally this oncoprotein acts to transcriptionally
repress specific gene targets to further shepherd myeloid and neutrophil maturation, which in the
case of SCN is completely inactivated. Evidence suggests the molecular implication of this loss
in activity causes in an upregulation of ELANE over baseline causing overexpression of NE
resulting in ER stress leading to UPR (110). Other studies have showed that the loss of functional
GFI1 increases expression of the critical transcription factor CCAAT-enhancer-binder protein
epsilon (C/EBP¢) to promote lineage switching towards monocytes (111). These patients present
with neutropenia with maturation arrest, monocytosis, primitive myeloid cells in circulation, and
lymphopenia (87). Although GFI1 is a known oncoprotein there have been so few reports of GF/1
mutations in SCN the risk of MDS or AML progression is currently unknown.

Approximately 2% of SCN cases are caused by biallelic, missense mutations in the gene
glucose 6 phosphatase catalytic subunit 3 (G6PC3) (112). Patients present with severe
neutropenia showing an arrest in myeloid maturation, intermittent thrombocytopenia as well as
extra-hematological pathologies such as cardiac and/or urogenital malformations, hearing loss or
delayed growth (108). The wild type protein is typically localized to the ER. However, when

mutated, rapidly induces ER stress, UPR and increased susceptibility to apoptosis. Due to the
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low frequency of G6PC3 associated SCN, the threat of leukemic transformation is not determined
(50).
1.4.5. Complex presentation: GATA2 deficiency

GATAZ2 deficiency syndrome is another example of how germline haploinsufficiency of a

master transcription regulator can influence hematopoiesis. Heterozygous loss of function
mutations or deletions in the gene GATA binding protein 2 (GATAZ2) or its promoter region is the
most common germline predisposition to MDS/AML in children (113, 114). Patients can present
different constellations of symptoms, such as mild neutropenia (115), Emberger syndrome
indicated by lymphedema and monosomy 7, or MonoMAC syndrome revealed by monocytopenia,
eosinophilia, deficient NK and B cells as well as increased incidence of opportunistic infections
(113). Importantly, leukemic transformation to MDS, AML or CMML occurs in 70% of individuals
by the age of 29 (116).

As mentioned previously, WT GATAZ2 is critical for basal hematopoiesis, normally
regulating other genes involved in HSC maintenance and myeloid development such as GF/1 and
RUNX1 (117, 118). This is further supported by observations of deregulated proliferation and
differentiation of HSCs the bone marrow in affected individuals (119). When unmutated, GATA2
protein directly binds to RUNX1 as well as other TFs (SCL LYL1, LMO2, FLI-1, and ERG), which
forms a complex to bind to promoters of genes associated with HSC proliferation, quiescence and
differentiation (120). With these points in mind it is therefore understandable why individuals with
GATA2 deficiency syndrome experience such a complex presentation spanning multiple avenues
of blood cell formation.

1.4.6. Inherited acute myeloid leukemia

Familial AML syndrome with heterozygous mutations in CCAAT enhancer binding protein

alpha (CEBPa) is a rare, autosomal dominant inherited form of preleukemia with near complete

penetrance (121, 122). Transformation to AML from a stable MDS-like state typically occurs once
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somatic, biallelic mutations arise in the wild type allele of CEBPa at a median age of 24.5 years
(122). As another master regulator of hematopoiesis, CEBPa acts upon MPPs to favor myeloid
commitment at the expense of lymphoid differentiation, and then later pushes progenitor
populations toward the granulocytic lineage by inducing expression of CSF3R resulting in
malignancy (123-125).

1.5. Leukemogenesis in inherited bone marrow failure syndromes

As implied in the name and the previously discussed material, inherited preleukemic
disorders can undergo leukemic transformation to MDS, hematological or nonhematological
malignancies anytime during affected patient’s lifetime. This threat is most often dependent on
the individual’s preexisting mutations which can potentiate or select for additional, specific genetic
abnormalities to arise.

In the case of malignant transformation in FA, patients can progress to hematological or
solid tumors with a high prevalence. Although not completely understood, the most common driver
mutation in FA is acquisition of mutations in BRCAZ2 which is found in 97% of solid tumors and
80% of AML cells from FA patients (126, 127), noting that homozygous germline mutations in
BRCAZ2 are a rare cause of FA. Both FA and DC cells show increased chromosomal instability,
rearrangements, gaps and breaks that may promote leukemogenesis (128, 129).

Leukemic transformation of FPD rarely results from a two-hit mechanism involving
acquisition of mutations in the wild type RUNX1 allele (130-133). More often, cooperating
mutations in other genes associated with sporadic (non-inherited) forms of MDS and leukemia
are found, such as DNMT3A and in some populations CDC25C and CBL (130, 134, 135).
Thrombocytopenia 2 has a very low risk of developing cancer and due to the rarity of the disease
driver mutations have not yet been identified. Additional studies into mechanisms of
leukemogenesis in Diamond Blackfan anemia are needed to resolve the pathways of cancer

predisposition and progression as well.
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Severe congenital neutropenia caused by mutations in ELANE, CSF3R, and WAS have a
particularly high rate of leukemic transformation to MDS and in turn AML (136). Over 70% of
ELANE-associated SCN patients that developed MDS/AML were found to harbor heterozygous
mutations in CSF3R (101, 137, 138). The most common class of mutations are nonsense
mutations resulting in carboxyl truncation and loss of the receptor portions responsible for
transducing maturation signals and inhibiting proliferative cues, which in turn drive strong
proliferative and survival signals (103, 139). These mutations have also been detected in
secondary malignancies from SCN attributed to WAS mutations and curiously, hyporesponsive
CSF3R SCN (140, 141). Mutations in GSCF-R do not occur in some other forms of inherited
neutropenia, such as SDS (142). Studies also found that RUNX1 mutations occur in roughly 65%
of transformed SCN patients, most commonly occurring in the clones already possessing CSF3R
mutations where both mutations are believed to promote leukemogenesis (143). Kostmann
syndrome also follows similar mechanisms of leukemic transformation at similar rates (140).
Although rare, mutations in RAS, SUZ12, EP300, and ASXL1 have been reported in SCN cases
post leukemic transformation (143, 144). As stated before, SCN attributed to mutations in GF/1,
G6PC3 and ELANE in cases of CyN are not known to progress to MDS, leukemia, or solid
cancers. However, due to few reports and complex presentation in the instance of CyN, additional
genetic screenings are always encouraged in patient care.

Acquired driver mutations in NRAS, RUNX1, STAG2, IDH2, TP53 and SETDB1 have all
been recorded in cases of secondary AML from GATAZ2 deficiency (145). Interestingly, ASXL1
mutations have also been identified exclusively in GATA2 deficient females (146, 147). In the
case of SDS, acquisition of tumor protein 53 (TP53) mutations provide HSCs with an enormous
selective advantage for expansion and in turn initiates leukemogenesis (148). Somatic TP53
mutations, which are found in roughly 50% of all cancers, account for 5% of primary leukemia,

and is commonly associated with poor prognosis (149).
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Chromosomal abnormalities have also been detected in many IBMFSs that advance to
malignancy. Clonal expansion of monosomy 7 has been detected in FA, SDS, GATAZ2 deficiency,
and SCN-associated malignancies (140, 147, 150). Loss of 20q has also been observed in many
cases of SDS that develop cancer (151, 152). Data are insufficient to conclude that monosomy
20q alone is causative of MDS, but regardless this chromosomal abnormality is frequently
observed in MDS, AML and myeloproliferative disorders (MPD) (153, 154). Acquisition of trisomy
8 and 13 have also been recorded in transformed SCN (143). There is also considerable evidence
that acquired trisomy 21 promotes leukemogenesis in SCN and FPD (133). It is important to note
that individuals born with trisomy 21 resulting in Down’s syndrome (DS) have a higher incidence
of ALL in early life with the risk for leukemia transitioning to AML later in childhood, when
compared to the general population (155). Although it is still unknown why germline and acquired
trisomy 21 has a particular high rate of hematological malignancy it is worth noting that the RUNX1
gene resides on chromosome 21.

The field has made large strides in understanding the mechanisms of IBMFS progression
to myeloid malignancy in the past decades. However, there is still work to be done to not only
improve the basic understanding of disease pathogenesis but also how to mitigate the risk of
leukemic transformation. In order to achieve this, we must think outside the pill box to discover
alternative approaches to treat these diseases.

1.6. Current treatments and therapies for inherited bone marrow failure syndromes

Treatment options vary for IBMFSs depending on presentation, severity, and causative
mutation. The most reliable cure for IBMFSs, MDS, and all leukemias remains a stem cell/bone
marrow transplant (SCT) following bone marrow ablation; however, the risks associated with this
procedure for any patient remains significant (156).

In cases of FA prior to transformation, androgens have been shown to improve blood
counts and reduce the need for transfusions in 60-70% of patients (157). However, if leukemia

develops, these patients have poor survival outcomes (43). Unfortunately, there are no therapies
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available to manage DC or other telomere diseases, and similar to FA, patients have a high rate
of post-SCT complications (54). Moreover, there are no current treatment options in place for
rescuing RUNX1 haploinsufficiency in FPD causing thrombocytopenia outside of necessary
platelet transfusions (158). Some cases of ANKRDZ29-related thrombocytopenia have improved
under corticosteroid treatment as well as regular platelet transfusions (159). Further support for
corticosteroid administration was gained when 80% of non-transformed DBA patients were found
to undergo spontaneous remission as a result of treatment (160). Alternatively, regular RBC
transfusions paired with intermittent iron chelation was found to rescue anemia to an extent in
DBA (161). Deficiency of GATAZ2 is similarly limited in therapeutic options outside of SCT,
however when SCT is performed these patients typically have a good prognosis (119).
Historically, profound neutropenia would result in childhood death due to infections (162).
First used in 1987, and now considered the frontline therapy for acquired and congenital
neutropenia patients (other than those harboring GFI/1 and hyporesponsive CSF3R), is
recombinant G-CSF, administered subcutaneously or through intravenous injection (163). As
previously described, G-CSF is one of the main regulators of granulopoiesis, this cytokine is able
to influence the survival, proliferation, and differentiation of all cells within the neutrophil lineage.
Upon G-CSF release or administration, receptors on myeloid progenitors induce myriad signal
transduction pathways, such as Ras/Raf/MAPK, PI3-Kineas, and JAK/STAT cascades resulting
in increased neutrophil production and their rapid release into circulation which often restores
neutrophil numbers to normal (164). Although standard, recombinant G-CSF therapy for
neutropenic individuals is not without complications. It has been reported that G-CSF mobilized
neutrophils are functionally less capable, with abnormal granule formation (165). Furthermore,
there is still argument within the field that EA-SCN patients who require high doses of G-CSF
have a higher rate of leukemic transformation compared to KS patients with the same CSF3R

mutations (101, 142, 166). Interestingly however, recent studies have shown that acquisition of
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mutations in CSF3R may protect myeloid precursor cells from apoptosis induced by mutant NE
(167).

Overall, avenues for IBMFS therapy are very limited and because of that physicians focus
on symptoms they can treat directly. Exemplified in the case of SDS, the use of pancreatic
enzymes and fat-soluble vitamins have historically helped patients with non-hematological
pathology, which can be applied to other complex presentations of IBMFSs (43). It is also
important to manage the threat of infection for any IBMFS as affected patients are always
struggling to maintain sufficient hematopoiesis. Therefore bacterial, viral, or fungal infections can
prove fatal when not closely monitored. Complete blood counts (CBC) and annual bone marrow
aspirations with cytogenetic panels are critical to screen for clonal evolution towards leukemic
transformation (46). Considering there is a clear void in treatment options available to individuals
affected with IBMFSs, the field must work to present novel therapeutic approaches and
importantly, continue to develop new models for studying disease pathogenesis.

1.7. Disease models for studying inherited bone marrow failure syndromes

There have been substantial advancements in personalized medicine in the last decade.
Humanized animal models recapitulating aspects of hematological diseases have improved our
understanding of how these heritable mutations can have systemic effects on health. With the
power of iPSC reprogramming, we have been able to develop disease-specific cell lines for many
IBMFSs (reviewed in (168)). High-throughput drug screenings of new agents have progressed
towards clinical trials to challenge pathogenic mechanisms like reactive oxygen species (ROS),
cytokines, and drivers of graft versus host disease (GVHD) (43). The age of genome editing and
gene therapy is now upon us, allowing scientists to successfully expand the boundaries of
translational medicine. These gains have provided us with insights into the disease mechanisms
of IBMFSs and revealed potential therapeutic avenues for exploration, certain aspects of which

will be presented in this thesis.
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This thesis addresses two IBMFSs in particular: familial platelet disorder with
predisposition to myeloid malignancy and ELANE-associated severe congenital neutropenia.
Chapter 2 focuses on FPD, whereby we show that brief inhibition of RUNX1 protein degradation
pathways may prove as a valid technique to combat RUNX1 haploinsufficiency. By utilizing
multiple cancer cell lines, FPD-iPSCs, and primary FPD bone marrow samples we find that
temporary proteasome or cyclin dependent kinase inhibition can rescue features of
megakaryocyte malfunction. This approach could potentially reach outside the realm of FPD to
other diseases associated with haploinsufficiency of auto-activating transcription factors, such as
GATAZ2 deficiency.

Chapter 3 will describe the extensive work | have completed to assess the importance of
neutrophil elastase catalysis in ELANE-associated neutropenia. Considering that the residues
involved in NE proteolysis have never found to be affected in SCN or CyN, paired with the exciting
work evaluating G-CSF and NE inhibitor treatment of SCN iPSCs (91), we used techniques of
genome editing in iPSCs to test the role of NE catalysis in SCN. With this strategy we have
generated novel iPSC lines to study how NE catalysis governs neutrophil development overall,
as well as SCN pathogenesis. Lastly, collaborations with collogues from Memorial Sloan Kettering
Cancer Center yielded evidence to suggest that a variant of unknown significance in the gene
SUZ12 (T679I) is causative of congenital neutropenia. By using proband blood-derived iPSCs we
were able to produce phenotypes found in the patient upon myeloid differentiation and determine
differences in epigenetic landscape compared to WT iPSCs. This is the first instance, to our
knowledge, indicating that mutations in proteins directly involved in chromatin remodeling can

result in congenital neutropenia.
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1.8. Tables

Table 1.1 Single-gene disorders encompassing bone
marrow failure syndromes, myelodysplastic syndromes, and

predisposition to myeloid neoplasms.

Primary cytopenia Syndrome Gene Inheritance A iated h logical phenotyp Heme Risk of MDS/AML
) Fanconi anemia FA complementation groups AR, X-inked | Progressive bone marrow, pancytops yiop MDS/AMLsolid tumors 40-50%
Pancytopenia anemia
Dyskeratosis geni DKC1, TERC, TERT, others | AD, AR, X-linked macrocytosis, thrombocytopenia, aplastic anemia MDS/AML/solid tumors 30-40%
Familial platelet disorder with propensity to Mildrmod. hromb " o .

Thro yiopenia yeloid N N RUNX1 AD ytop megakaryocyte abnormalities MDS/AMU/T-cell ALL 20-60%
ANKRD26 -related thrombocytopenia ANKRD26-RT AD moderate thrombocytopenia MDS/AML/CML 1.3-5%

Anemia Diamond-Blackfan anemia RPS genes AD anemia, macrocytosis, elevated RBC ad ine d MDS/AMU/ALL/other cancers 1-20%
syndrome HAX1 AR itropenia, increase tosis of myeloid cells MDS/AML 20-40%
Shwachman-Diamond syndrome SBDS Hﬁhwm.ﬁm mild neutropenia, low serum enzymes, dysgranulopoiesis MDS/AMU/ALL 20-30%
ELANE AD neutropenia, arrest of neutrophil d it, monocytosis MDS/AML 15-40%

maturation arrest of granulocytes, unresponsive to therapy,

Neutropenia CSF3R AD increased apoptosis of neutrophils MDS/AML 16%

Severe congenital neutropenia WAS X-linked lymphopenia, monocytopenia, low NK levels MDS/AML unknown
GFI1 AD monocytosis, defecti yeloid diffe iation, lymphop unknown
G6PC3 AR thrombocytopenia, increased wvogoww of myeloid cells, myeloid unknown
maturation arrest
Cyclic neutropenia ELANE AD cyclicing neutropenia with reciprocal monocytes none
. . severe viral infecti stropenia, ytopeni dinophili
Complex presentation GATA2 Deficiency GATA2 AD low NK and B cell levels MDS/AML/CMML 50%
Familial AML Familial AML with mutated CEBPA CEBPA AD AML AML 100%
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Chapter 2

Inhibition of protein degradation pathways in RUNX1 deficient FPD/AML restores RUNX1
gene expression levels and promotes megakaryopoiesis

2.1. Introduction

FPD/AML (1) consists of functional platelet granule defects producing bleeding, moderately
low platelet counts, and predisposition to MDS/AML and, less commonly, T-ALL, CLL, and CMML
(2). FPD/AML is caused by heterozygous, germline mutations in the transcription factor RUNX1.
RUNX1 is one of three runt homology DNA-binding domain family members heterodimerizing with
a non-DNA binding partner (CBF), collectively referred to as core binding factors (3), in which
translocations and other acquired mutations frequently arise with hematologic malignancies (4).
FDP/AML germline RUNX1 mutations most often create non-functional alleles but can also include
hypomorphic alleles with reduced activity or dominant-negative alleles (2, 5-7).

At conception, patients with FPD/AML possess one wild type allele, producing normal
protein, albeit at half-normal net levels. It is unclear if RUNX1 behaves as a tumor suppressor
gene, requiring acquisition of a “second-hit” mutation inactivating the residual wild type allele in
order for malignancy to occur. Among FPD/AML patients, mutations of the wild type RUNX1 allele
are not found (6-8) or, when detected, are seen in some, but not all, patients (9). Malignant
progression in FPD/AML may instead be somehow facilitated, at least initially, by RUNX1
haploinsufficiency and depend upon acquisition of cooperating mutations in other genes
frequently mutated in sporadic leukemia, including those involved with DNA methylation, such as
DNMTS3A (6), as well as cytogenetic abnormalities.

RUNX1’s half-life is approximately 30-60 minutes, with rapid turnover via the ubiquitin-
proteasome degradation pathway (10). In addition to ubiquitylation, RUNX1 is phosphorylated,
acetylated, methylated, and sumoylated (11, 12), though phosphorylation appears to primarily

govern its nuclear matrix association, transcriptional activity, and—importantly for the strategy

32



proposed here—serves as the principal gateway for regulating its stability via ubiquitin-dependent
proteasomal degradation.

RUNX1 additionally auto-regulates its own expression by binding to and activating
expression from its own promoter (13). For an auto-activating transcription factor, small changes
prolonging half-life are expected to exponentially elevate its overall abundance, and, once a
temporary perturbation affecting half-life ceases, steady state levels become independent of the
rate of synthesis or degradation and remain persistently elevated (14). For example, transient
inhibition of cellular proteases degrading the skeletal muscle transcription factor MyoD, which
similarly auto-activates its own expression, causes MyoD concentration to rise dramatically and
remain elevated even after withdrawal of inhibitors (14).

We therefore hypothesize that drugs retarding RUNX1’s proteolytic degradation, even
transiently, may help to restore steady state levels of RUNX1 in FPD/AML and normalize platelet
production. To test this hypothesis we have attempted to “jump start” RUNX1 expression by
transient over-expression of exogenous RUNX1 and have also evaluated the effects of small
molecule inhibitors of the ubiquitin-proteasome degradation pathway on RUNX1 and
correspondingly megakaryocyte differentiation in several different cultured cell lines, patient-
derived iPSC, and primary patient bone marrow samples. We find that, in some cases, inhibition
of kinases regulating ubiquitylation or direct inhibition of the proteasome can increase RUNX1
levels and advance megakaryocyte differentiation, thereby suggesting potential new therapeutic
opportunities for treating bleeding complications and preventing leukemia in FPD/AML.

2.2. Methods

Cell lines: The female human embryonic kidney cell line, 293T (15), was cultured in
Dulbecco's Modified Eagle Medium (DMEM) and passaged every 3-4 days or at ~90%
confluency. The male human megakaryoblastic leukemia cell line, MEG-01 (16), was cultured
semi-adherently at 2-4x10° cells/mL in RPMI-1640 medium and scraped for passaging every 5

days. The female human multipotential leukemia cell line, K562 (17), was cultured between
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2x10°%-10° cells/mL in Iscove's Modified Dulbecco's Medium (IMDM) and passaged every 3-4
days. All media were supplemented with 10% Fetal Bovine Serum (FBS). Cells were cultured in
humidified incubators at 37°C in 5% CO; and propagated for no more than 20 passages after
thaw. Reagents were purchased from Gibco/Thermo Fisher Scientific.

FPD/AML patient-derived iPSC: Sendai virus reprogramming-mediated iPSC (18) were

generated from peripheral blood mononuclear cells (MNC) of a non-leukemic adult male
FPD/AML patient, heterozygous for a germline RUNX1 splicing mutation (NM_00100189 ¢.533-
1G>T) (7) and were the generous gift of Drs. Deborah French, Paul Gadue, and Mortimer Poncz
at the Children’s Hospital of Philadelphia (CHOP). They were cultured as described (19). Studies
were approved by the CHOP Institutional Review Board (IRB), protocol 7042-134. Hematopoietic
differentiation was performed as described (20); specifically, day 8 embryoid bodies were plated
in ultra-low attachment 6-well plates and cultured for 2 days in differentiation media containing
vehicle or drugs. Cells were then harvested at day 10 for flow cytometry and colony forming unit
assays. Culture occurred in humidified incubators at 37°C in 5% CO..

Primary patient samples: Bone marrow was aspirated from three non-leukemic female

siblings with FPD/AML at ages 11-, 16- and 20-years, each sharing a heterozygous germline
RUNX1 nonsense mutation (NM_001754 c.1242C>A, p.Y414X) (21). MNC were isolated within
six hours of harvest using Corning Lymphocyte Separation Medium and aliquots frozen in 10%
DMSO, 90% FBS at -80°C overnight before transfer to liquid nitrogen. Studies were approved by
the University of Washington IRB, protocol 52640. Culture occurred in humidified incubators at
37°C in 5% COsa.

Drug treatments: Roscovitine, flavopiridol hydrochloride, terameprocol, P276-00, R547,

SCH 727965, bortezomib, carfilzomib, ixazomib, oprozomib, and pevonedistat, were dissolved in
DMSO and stored at -80°C until use (Supplementary Table 2.2). For each cell line, LCso was
measured by determining viability with the CellTiter 96 (Promega) reagent. Additional DMSO was

added, if needed, to normalize DMSO concentration to 0.25% across treatment conditions.
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2.5%10° cells were exposed to continuous treatment for 24 hours at which point cells were either
harvested for RNA/protein or pelleted and re-plated in drug-free media for further culture. At the
indicated time points, cells were washed with PBS, pelleted, and lysed for RNA using RNeasy
Plus Mini Kits (Qiagen) and/or protein lysate using RIPA buffer containing complete protease
inhibitor (Roche), 1 mM NasVO4, and 1 mM phenylmethylsulfonyl fluoride (PMSF).

RUNX1 expression constructs: Human RUNX1 variant 1 cDNA (NM_001754.3) with

carboxyl terminal FLAG epitope tag in pcDNA3.1 vector (pcDNA3.1-RUNX1-FLAG) was
purchased from Genscript (ClonelD OHu26363). In our RNAseq experiment on RUNX1
transfected K562 cells, we introduced synonymous nucleotide changes into RUNX1, allowing us
to distinguish between endogenous and exogenous transcripts. The following primers, with
nucleotide substitutions underlined, were used to insert the indicated synonymous nucleotide
changes into the RUNX1 plasmid (pcDNA3.1-RUNX1¢/GAPESE2IATIRSIS_F| AG) forward primer: 5'-
[Phos]CTTCGTACCCACAGTGCTTC-3 and reverse primer: 5-[Phos|GAAAAGATTCAAATATGCTG-
3.

DNA transfection: 2x10° 293T cells were transfected with 4 ug pcDNA3.1-RUNX1-FLAG

plasmid using 12 uL Lipofectamine 2000 (Thermo Fisher) per 10 cm plate. One day later, cells
were passaged and pooled, and the 24 hour post-transfection timepoint was collected; remaining
cells were seeded onto 10 cm plates at equal densities for later timepoints. 4x10° K562 cells were
electroporated with 4 pg of pcDNA3.1-RUNX1¢-24G>ApE8e. 271A>TIp-S9S_E| AG expression plasmid in
400 pL cuvettes filled with Opti-MEM (Gibco) using a BioRad Gene Pulser Xcell (square wave,
210V, 2xpulse, 0.15 ms).

Real-Time Quantitative Reverse Transcription PCR (qRT-PCR): Superscript IV reverse

transcriptase (Thermo Fisher) was used to generate cDNA and qRT-PCR was performed using
the Thermo Fisher StepOnePlus Real-Time PCR System with TagMan probes RUNX1

(Hs01021970_m1) or beta-actin (Applied Biosystems, 4333762F). Relative quantification of gene
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expression was calculated by applying the 222" method using ACTB or GAPDH as endogenous
controls (indicated in figure legends).

RNA-seq: RNA extracted from four individual drug-treatments of K562 cells were pooled
then divided to create two samples per treatment condition for RNA-seq, in order to reduce
experimental “noise” during analysis. K562 cells transfected with either pcDNA3.1 empty vector
or pcDNA3.1-RUNX1¢-24G>Ap E8e. 2TA>TIp.S9S_F| AG RNA were similarly each performed in replicate
and then combined. mRNA libraries were prepared from total RNA (~1 ug per sample) using the
lllumina TruSeq Stranded mMRNA Library Prep kit and then sequenced on an lllumina NextSeq
500 instrument (1x75 bp read) at the University of Washington Center for Precision Diagnostics.
Reads were aligned against GRCh38 using the HISAT2 aligner (Johns Hopkins Center for
Computational Biology). Reads mapped to exons defined by GRCh38.88 were counted, and
transcripts per million (TPM) values for each gene were calculated using StringTie software
(Johns Hopkins Center for Computational Biology).

Immunoblotting: Total protein concentrations were determined by BCA assay (Pierce).

Samples were diluted in Laemmli sample buffer and heated at 90°C for 10 min prior to being
loaded into a Mini-PROTEAN TGX 4-10% Tris-Glycine SDS precast gel (Bio-Rad). Protein was
then transferred to polyvinylidene difluoride (PVDF) membrane (Bio-Rad) and blocked for 30 min
at room temperature and washed with TBST. All primary antibodies were diluted in 1% nonfat dry
milk or BSA in Tris-buffered saline, 0.1% Tween 20 (TBST) and were incubated overnight at 4°C.
Blots were incubated in secondary antibody for 1 hour at room temperature, also in 1% nonfat dry
milk or BSA. Antibody sources and concentrations are listed in Supplementary Table 2.3. Blots
were developed using Immobilon Western Chemiluminescent HRP Substrate (EMD Millipore),
SuperSignal West Pico, or Femto chemiluminescent substrate (Thermo-Fisher) on Kodak BioMax
XAR film or using the ChemiDoc MP Imaging System (BioRAD).

iPSC colony forming unit (CFU) assay: Megakaryocyte CFU assay of FPD/AML patient-

derived iPSC utilized MegaCult-C complete kit with cytokines (STEMCELL Technologies).
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Megakaryocyte progenitors were harvested on day 11-12 of in vitro differentiation and analyzed
via flow cytometry for CD41a positivity. We then plated 10,000 unsorted, hematopoietic stem and
progenitor cells (HSPC) per dish with MegaCult media in duplicate. Dishes were then incubated
at 37°C for 12 days before scoring according to the manufacturer's protocol. The number of
colonies was normalized to the percentage of CD41a+ cells measured at the day of plating.

Primary cell megakaryocyte differentiation: On day 0, FPD/AML MNCs were thawed in a

37°C water bath, washed with PBS, and quantified on a hemocytometer. Cells were seeded for
differentiation at concentrations of 0.2-1x10° cells per 12-well plate, depending on vyield during
quantification. Megakaryocyte differentiation was achieved using StemSpan SFEM Il basal media
containing StemSpan Megakaryocyte Expansion Supplement (STEMCELL Technologies). Cells
were seeded for differentiation with bortezomib, terameprocol or DMSO vehicle added to the
media for the first 24 hours of differentiation. After 24 hours of treatment (day 1), cells were
removed from the dish and centrifuged at 200xg for 5 min at room temperature. Pellets were then
resuspended in freshly added drug or vehicle containing differentiation media and transferred
back to their corresponding well with incubation for an additional 24 hours. On day 2, after 48
hours of drug exposure, cells were removed, washed with PBS, and transferred to normal
differentiation media (without drugs) for the remainder of the experiment. Complete media
changes were performed on days 4 and 7, and on day 10 wells were supplemented with an
additional 1 mL of fresh differentiation media. Megakaryocyte formation was characterized on day
14 via flow cytometry, Cytospin, electron microscopy, or RNA isolation. Relative megakaryocyte
yields were calculated by comparing seed-matched drug and vehicle conditions.

Flow cytometric analysis: Megakaryocytes formed from FPD/AML patient-derived iPSCs

were stained with CD41a and CD45 antibodies (BD PharMingen) and assayed with a BD
LSRFortessa cell analyzer, as described (20). Primary MNC-derived megakaryocytes were
characterized via flow cytometry for surface markers CD41a, CD42b, and CD61 (BD Biosciences)

using a BD FACSCanto Il flow cytometer. Antibody sources and concentrations are listed in
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Supplementary Table 2.4. On day 14 of in vitro megakaryocyte differentiation, cells were washed
with 0.1% FBS/PBS (FACS buffer) and subsequently incubated for 30 min on ice in the dark with
the indicated antibody diluted in the same buffer. Stained cells were washed twice with FACS
buffer by centrifugation at 200xg for 4 min at 4°C. Following wash steps, cells were resuspended
in 100 uL buffer and transferred into 500 pL fresh FACS buffer for analysis. Sample preparation
was performed in 96-well, v-bottom, low-binding plates. Data was processed using FlowJo
software, version 10.

Cytospin: On day 14 of in vitro megakaryocyte differentiation using MNCs from patient
“FPD-2", 10* cells from the total cell population were centrifuged at 200xg for 4 min and
resuspended in 100 uL PBS. Cell suspension was then transferred to a single chamber Cytospin
funnel (ThermoFisher), secured onto a coated glass slide and centrifuged at 1,000 RPM for 5
minutes using a ThermoFisher Shandon CytoSpin 4. Slides were then air-dried for 2-3 min, fixed
in 100% methanol for 3 min, and air-dried again. After fixation, slides were stored in the dark, until
processed by Wright-Giemsa (Sigma) staining.

Electron microscopy: At day 14 of in vitro differentiation for patient “FPD-1", ~10° cells

were prepared for electron microscopy. Equal volume of Karnovsky fixative was first added to
each well and incubated at 37°C for 10 min. The plate was then centrifuged at 1,400 RPM for 5
min at room temperature. The majority of the media/Karnovsky fixative mixture was gently
removed from the well and remaining cells were fixed with pure Karnovsky fixative for 1 hour at
room temperature. Cells were then scraped from the well using a sterile spatula, transferred to a
1.5 ml microcentrifuge tube and stored at 4°C until further processing by the Fred Hutchinson
Cancer Research Center Imaging Core (Seattle). Images were captured with a JEOL 120 kV
JEM-1400 Transmission Electron Microscope (TEM).

Megakaryocyte granule quantification: TEM cell images were scored manually by counting

the number of dense and alpha granules per cell, based on standardized morphological

classification (22). Dense granules were identified as small (~0.25 ym) dark gray or black, circular
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puncta located within in a vesicle space. Alpha granules were scored as larger (~0.75 ym) gray
vesicles, presenting with a defined border and sandy-appearing internal composition.
Unidentifiable granules or granule-like components were not scored. Cells were then binned in

quartiles. Cells with no obvious granules were scored as “-”, 1-10 granules/cell as “+”, 10-20

granules/cell as “++”, and >20 granules/cell as “+++”. A chi-square test of independence was then
preformed for each granule type to determine if there was a difference in their abundance when
comparing treatment with either bortezomib or terameprocol to vehicle treatment.

2.3. Results

Transient expression of exogenous RUNX1 results in sustained increase of endogenous
RUNX1 transcript and protein in 293T cells, consistent with RUNX1 auto-activation.

Given RUNX1’s reported ability to auto-activate its own expression (13), we reasoned that
transient expression of exogenous RUNX1 might result in prolonged elevation of endogenous
RUNX1 mRNA and protein levels (14). As a test of this prediction, we employed the human
embryonic kidney cell line, 293T, because it exhibits minimal levels of endogenous RUNX1
expression (23), potentially permitting changes in RUNX1 expression to become more apparent.
To distinguish exogenously transfected RUNX1 from endogenous RUNX1, we fused a FLAG
epitope tag to the carboxyl terminus of RUNX1 (RUNX1-FLAG). RUNX1 protein is marginally
detectable in 293T cells, as measured by western blot with antibodies against RUNX1 (Fig 2.1A,
top panel, left-most lane). However, levels of total RUNX1 protein initially peak at days 3-4
following transient transfection of a vector expressing RUNX1-FLAG and then maintain uniform
levels throughout the remainder of the 10-day time course (Fig 2.1A, top and bottom panels). In
contrast, levels of transiently expressed RUNX1-FLAG disappear (as detected by antibodies to
the FLAG epitope tag, Fig 2.1A middle panel) while levels of internal control beta-actin remain
constant over the time-course (Fig 2.1A, bottom panel). Semi-quantitative RT-PCR employing

primers specific to sequences encoding the FLAG epitope confirm diminution of the transiently
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transfected RUNX1-FLAG transcript (Fig 2.1B), while measurement of total RUNX1 transcript by
TagMan gRT-PCR for RUNX7T mRNA (Fig 2.1C) mirrors RUNX1 protein levels apparent on
western blot. We conclude that transiently-expressed, exogenous RUNX1-FLAG transcriptionally
activates expression from the endogenous RUNX7 locus. RUNX1-FLAG expression vectors
possess a constitutive promoter lacking RUNX1 binding sites and are therefore unable to maintain
an auto-activation circuit for transfected RUNX1-FLAG. As transiently-expressed RUNX1-FLAG
dissipates over time, however, newly increased quantities of endogenous RUNX1 protein
subsequently maintain elevated expression via auto-activation of RUNX1-responsive promoter
elements at RUNX7’s genomic locus.

Small molecule inhibitors of RUNX1 proteolytic degradation elevate levels of exogenously
transfected RUNX1 protein and endogenous RUNX1 transcript.

Because FPD/AML typically results from haploinsufficiency of RUNX1, we wished to
determine if retarding degradation of RUNX1 protein could stably elevate its steady-state levels.
Phosphorylation of RUNX1 serves as the principal gateway for regulating its stability via ubiquitin-
dependent proteasomal degradation. RUNX1 is phosphorylated by cyclin dependent kinases
Cdk1, Cdk2, and/or Cdk6 (24-26), which subsequently renders it vulnerable to degradation
mediated by the Cdc20-containing anaphase promoting complex (APC) during the G2/M phase
of the cell cycle (25, 26), as well as, to a lesser extent, the Skp, Cullin, F-box (SCF)-Skp2 complex
during S phase (25). Appropriate Cdk inhibitors in clinical trials for cancer that we tested in these
experiments include flavopiridol (Cdk1, Cdk2, and Cdk6), P276-00 (Cdk1, Cdk2, and Cdk6),
roscovitine (Cdk1 and Cdk2), R547 (Cdk1 and Cdk2), SCH 727965 (Cdk1 and Cdk2), and
terameprocol (Cdk1) (27). The APC and SCF E3 ligase complexes include cullin-RING ubiquitin
ligases Cul1 and ANAPC2, respectively, which are dependent on the NEDDylation system, an
enzymatic cascade initiating with NEDD8 activating enzyme (NAE). NAE can be inhibited with
pevonedistat (MLN4924), which is now in clinical trials for AML and MDS (28). To inhibit the final

step in the RUNX1 degradation pathway, we evaluated the 26S proteasome inhibitor, bortezomib,
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as well as second-generation inhibitors carfilzomib, ixazomib, and orally administered oprozomib
(29), all of which are FDA-approved. The RUNX1 degradation pathway is summarized in Fig 2.2A.
As before, we initiated these experiments using 293T cells transiently transfected with RUNX1-
FLAG, followed by treatment with inhibitors. Western blot revealed marked increases in
transfected RUNX1-FLAG protein, especially with proteasome inhibitors and, to a lesser extent,
Cdk inhibitors (Fig 2.2B). Consistent with auto-activation of the endogenous RUNX1 locus by
exogenously transfected RUNX1-FLAG, TagMan qRT-PCR revealed commensurately elevated
RUNXT1 transcript (Fig 2.2C). We conclude that retarding RUNX1 degradation elevates RUNX1
protein, which, in turn elevates RUNX1 transcript levels.

Inhibiting proteolytic degradation of endogenous RUNX1 in cell lines elevates both RUNX1
protein and transcript levels.

We proceeded to determine how small molecule inhibitors of RUNX1 degradation might
influence endogenous levels of RUNX1 protein and transcript in RUNX1-expressing human cell
lines. Cdk and, especially, proteasome inhibitors increased levels of RUNX1 protein in non-
transfected 293T cells (Fig 2.3A), which, as noted, ordinarily express minimally detectable levels
of RUNX1. We next evaluated K562 (Fig 2.3B) and MEG-01 (Fig 2.3C) cells, which are both
derived from patients with chronic myelogenous leukemia in blast crisis and have characteristics
of granulocytes or megakaryoblasts, respectively. In contrast to 293T cells, exposure to some
Cdk inhibitors, such as terameprocol treatment of K562 cells, more potently elevated RUNX1
protein expression, whereas proteasome inhibitors had less of an effect or, in the case of MEG-
01 cells, actually reduced levels of RUNX1 protein (with the exception of oprozomib, which
elevated RUNX1 expression in MEG-01 cells). Consistent with RUNX1 auto-activating its own
expression, changes in RUNXT mRNA levels across the cell lines (Fig 2.3D) generally correlated
with drug-induced changes in RUNX1 protein levels. Interestingly, however, K652 cells exposed
to flavopiridol and roscovatine demonstrated 3- and 2.6-fold increases of RUNXT transcript,

respectively, yet neither drug appeared to increase total RUNX1 protein levels. It is possible that
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drug specific alterations in protein state, such as phosphorylation, could result in unchanged total
RUNX1 protein levels but higher levels of transcriptionally active forms of RUNX1. It is also
possible that these drugs elevated levels of other transcription factors, besides RUNX1, that we
did not evaluate and that are responsible for regulating RUNX1 transcription. The neddylation
inhibitor, pevonedistat, either decreased or had no effect on RUNX1 protein and transcript levels,
depending on cell line (Fig 2.2B and 2.3).

Transient inhibition of RUNX1 proteolytic degradation exhibits variable effects on
prolonging elevated levels of RUNX1 expression in different cell lines.

Due to the autoregulatory capacity of RUNX1, we determined if elevated RUNX1
expression levels persisted following transient inhibition of degradation pathways. We focused on
a subset of drugs that elevated RUNX1 levels when they were present in cell growth media, as
determined from the initial larger panel. We treated cells for 24-hours, withdrew the drug and
continued to grow cells in drug-free media, and then extracted aliquots 24-, 48-, and 72-hours
later, in order to measure RUNX1 protein and transcript levels. For 293T cells, we evaluated
proteasome inhibitors. All three tested drugs (carfilzomib, ixazomib, and bortezomib), resulted in
sustained elevation in RUNX1 protein (Fig 2.4A) and transcript levels (Fig 2.4B), relative to
vehicle-treated controls, particularly at 24-hours after their removal but continuing for up to 72
hours later. Because these three proteasome inhibitors generally performed similarly (at least in
293T cells), we selected bortezomib as representative of this class of compounds for further
studies with K562 and MEG-01 cells. We additionally evaluated the Cdk1 inhibitor, terameprocaol,
in K562 and MEG-01 cells, given its efficacy in elevating RUNX1 expression levels upon initial
screening. Bortezomib treatment impaired the viability of K562 cells over the time course of this
experiment, even after adjusting dosages downward, such that there was an insufficient quantity
of cells with which to perform western blots. From the small quantity of K562 cells that did survive
following bortezomib treatment, RUNX1 transcript levels were diminished compared to vehicle-

treated controls (Fig 2.4D). In terameprocol-treated K562 cells, RUNX1 protein (Fig 2.4C) and

42



transcript (Fig 2.4D) elevation are apparent 24-hours following drug removal, but effects wane to
the point at which they became counterproductive by 48- and 72-hours after drug removal. MEG-
01 cells demonstrated increased RUNX1 transcript levels 24-hours following treatment with
bortezomib, yet, similar to what we observed in the presence of drug treatment above (Fig 2.3C
and 2.3D), this was not reflected in the corresponding western blot (Fig 2.4D and 2.4E), which
indicated reduced levels of RUNX1 protein. Transient terameprocol treatment in MEG-01 cells
also did not yield noticeably sustained changes in RUNX1 protein; however, mRNA expression
decreased at the 48-hour timepoint then subsequently increased above baseline at 72-hours post
drug removal (Fig 2.4E and 2.4F). We conclude that, for the case of 293T cells, persistent
expression of RUNX1 protein and transcript following withdrawal of drug reinforces the
observation shown above in Fig 2.1, indicating that temporary over-expression of RUNX1 in 293T
cells (in that case, as a result of transient transfection rather than drug treatment) leads to
persistently elevated RUNX1 expression via an autoregulatory feedback loop. However, drug
treatment responses appear cell line-dependent and may unsurprisingly have additional effects
on cells, beyond just inhibiting degradation of RUNX1.

Transient inhibition of RUNX1 proteolytic degradation during differentiation of FPD/AML
patient-derived iPSC improves megakaryocyte output.

FPD/AML patient-derived induced pluripotent stem cells (iPSC) display aberrant
megakaryocytic differentiation in vitro, including reduced megakaryocytic colony formation and
ultrastructural defects in granules (30). We therefore determined if treatment of patient-derived
iPSC with drugs inhibiting RUNX1 degradation could normalize differentiation. iPSC were
generated from a FPD/AML patient heterozygous for a germline RUNX1 mutation in the splice
acceptor site of exon 4 (NM_00100189 ¢.533-1G>T), which enforces the use of a cryptic splice
acceptor in exon 4 with a resultant frameshift causing a stop codon (7). The iPSC were
differentiated into embryoid bodies and then directed toward CD34+ hematopoietic stem and

progenitor cell differentiation in the presence of drugs inhibiting RUNX1 proteolytic degradation
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(Fig 2.5A). After drug treatment, they were further differentiated into megakaryocytes. Flow
cytometric analysis of the pan-megakaryocyte surface marker CD41a (31) revealed a 1.2- and
1.7-fold increase of iPSC-derived megakaryocytes when treated for 2 days with bortezomib or
terameprocol, respectively (Fig 2.5B and 2.5C). Colony forming unit (CFU) assays were
additionally performed to determine the clonogenic capacity of these megakaryocyte progenitors
after treatment. The colonies were scored 14 days after plating in semisolid media and showed
that bortezomib treatment produced both more and larger colonies compared to vehicle-treated
FPD-iPSCs (Fig 2.5 D). Terameprocol had modest effects on colony number.

Treatment with inhibitors of RUNX1 proteolytic degradation in early stages of in vitro
differentiation affects megakaryocytic maturation in primary mononuclear cells derived
from bone marrow of FPD/AML subjects.

We determined if inhibition of RUNX1 proteolytic degradation influenced in vitro
megakaryocytic differentiation of FPD/AML patient bone marrow cells. Primary mononuclear cells
were isolated from bone marrow collected from three sisters with FPD/AML (none of whom were
leukemic) sharing a heterozygous germline RUNX7 exon 9 nonsense mutation (NM_001754
€.1242C>A, p.Y414X) (21). Cells were treated early in the course of in vitro megakaryocytic
differentiation with either bortezomib or terameprocol restricted to the first 48 hours of
differentiation (Fig 2.6A). Cells were harvested at the conclusion of the differentiation protocol 12
days later and assayed for expression of pan-megakaryocyte surface markers (31) CD41a and
CD61, which are integrin binding partners, as well as CD42b, a marker indicative of advanced
megakaryocyte maturation, via flow cytometry (Fig 2.6B and Supplementary Fig 2.1). Cells from
each of the tested patients responded slightly differently to each drug treatment, and although no
one patient or treatment met the threshold of significance there were trends shared across all
patients (Fig 2.6C, summarized in Supplementary Table 2.1). When averaging across all patients,
bortezomib exposure did not alter the frequency of megakaryocytes overall, defined as

CD41a+/CD61+ double positive cells, compared to vehicle-treated controls (1.08 + 0.29 fold

44



change relative to vehicle); however, we observed a slight increase of immature (CD41a+/CD42b-
) megakaryocytes at the expense of mature megakaryocytes (1.16 £ 0.18 and 0.77 = 0.09,
respectively) (results summarized in Supplementary Table 1). In contrast, exposure to
terameprocol revealed an increase in total megakaryocytes compared to vehicle-treated controls
(1.14 £ 0.16), along with a specific increase of mature (1.16 £ 0.23) but not immature (1.04 £ 0.12)
megakaryocyte populations. The appearance of cells corroborated these findings (Fig 2.6D).
Terameprocol-treated cells exhibited features consistent with proplatelet formation, such as cell
surface blebbing (32), which was not detected in bortezomib- or vehicle-treated cells.

Inhibitors of RUNX1 degradation increase formation of dense granules in primary
FPD/AML mononuclear bone marrow cells.

Considering that deficient proplatelet formation, especially involving dense granules (33),
is a defining pathology of FPD/AML, we employed transmission electron microscopy (TEM) to
more closely evaluate maturational changes in megakaryocyte morphology that may be
associated with drug treatment (Fig S2.2). Using the protocol shown in Fig 2.6A, vehicle-treated
megakaryocytes displays some vacuoles, as well as alpha granules with decreased content,
compared to bortezomib or terameprocol-treated samples (Fig 2.7A). We found that cells treated
with either drug had a significantly greater abundance of dense granules (Fig 2.7B). The effect
was more significant with bortezomib (P = 0.0025) than it was for terameprocol (P = 0.022). In
contrast, alpha granule abundance was not significantly different following treatment with either
drug (Fig 2.7C).These observations are in line with those made using FPD/AML patient-derived
iPSC and that were shown to be reversed following genome-editing correction of the causative
germline RUNX1 (30). These results prove especially exciting as we can infer cellular
functionality from the quantity of granules present in megakaryocytes produced after only brief
treatment early in the course of differentiation.

2.4. Discussion:
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Inhibition of protein degradation is a successful strategy for treatment of some cancers
(27, 34). However, use of protease inhibition therapy targeting haploinsufficiency of autoactivating
transcription factors has not been previously attempted. Here we show that transient expression
of exogenous RUNX1, as well as brief inhibition of global protein degradation, can have long term
effects on endogenous RUNX1 steady state levels and consequently rescue arrested
megakaryocyte development in Familial Platelet Disorder, which is associated with RUNX1
haploinsufficiency.

We show that sustained RUNX1 expression in 293T-HEK cells following transient
expression can result from successfully jump-starting the residual wild type protein’s
autofeedback loop (13), which we substantiated with our cell line studies. Transfection
experiments using these cells have indicated that exogenous RUNX1 protein can act upon the
endogenous RUNX1 locus to boost levels above baseline even for as long as seven days after
exogenous transcript is no longer detectable. This provides confirmation that RUNX1 expression
is capable of self-regulated modulation.

The pathways of RUNX1 protein degradation have been previously described (12, 24-26),
and we have exploited them by testing our extensive panel of cyclin dependent kinase,
neddylation, and proteasome inhibitors in multiple cell systems. Although treatment of K562 and
MEG-01 cells varies in terms of RUNX1 protein and mRNA responsiveness, we must note that
these lines are not haploinsufficient, as in the case of FPD. In fact, K562 cells are classified as
hypotriploid, harboring a complex translocation involving chromosomes 12 and 21 whereby the
RUNX1 locus is rearranged (35, 36). MEG-01 cells are characterized as hyperdiploid with a
chromosome 21 duplication (16). Keeping these points in mind, we found that bortezomib and
terameprocol represent two strong drug candidates as they are known to impede different
avenues of RUNX1 degradation in multiple cell lines we tested.

Bortezomib is already FDA-approved for treating relapsed/refractory multiple myeloma as

well as mantle cell lymphoma (29, 37). A reversible 26S proteasome inhibitor, with a half-life of
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approximately 40 hours and full clearance after 72 hours (38), bortezomib is an appealing option
to briefly modulate wild type RUNX1 degradation in FPD patients. It should be noted that multiple
myeloma patients treated with bortezomib can experience thrombocytopenia; however this
therapy has also been successful in treating both idiopathic and immune-mediated
thrombocytopenic purpura (39, 40).

Terameprocol has an interesting history in that it was consumed medicinally by Native
Americans for kidney and gallbladder stones and has been tested in a number of clinical trials for
various cancers (41-44). It acts by way of inhibiting Sp1 promoter-driven gene expression, such
as CDK1 (Cdc2) and Survivin, which is commonly over-expressed in cancer cells (45, 46). These
interactions make terameprocol an attractive approach for FPD in that treatment could both
impede wild type RUNX1 degradation and target sensitive cancer cell subpopulations known to
promote leukemic transformation to AML (46, 47). Notably, terameprocol also reversibly arrests
cell cycling at the G2 stage (48). Interestingly, RUNX1 production is found to fluctuate throughout
the cell cycle (49). Previous studies determined that RUNX1 levels are 2-4 fold higher in S and
G2/M cells; concurrently, RUNX1-DNA binding activity is also regulated (49). For these reasons
we believe terameprocol treatment serves as a valid strategy for FPD and FPD/AML patients.

Our differentiation experiments in FPD-iPSCs and primary cells provide evidence that brief
treatment with bortezomib or terameprocol can have lasting effecting upon the quantity and quality
of megakaryocytes generated during in vitro differentiation. The ultrastructural changes observed
by electron microscopy of primary FPD bone marrow-derived megakaryocytes treated with
bortezomib or terameprocol is especially exciting. Platelet function tests are optimized for whole
blood and high platelet counts, which is unobtainable through in vitro differentiation. We can use
the frequency of granules to infer platelet functional capacity. FPD patients are known to produce
fewer platelet dense granules compared to normal individuals (50-52). We show that the platelet
granule defect is at least partly rescued upon bortezomib or terameprocol treatment. With these

findings, paired with trends showing increases in mature megakaryocyte output, we propose that
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brief exposure to inhibitors of protein degradation is a valid strategy for normalizing
megakaryocyte development in individuals with RUNX1 mutations.

It is also important to note that the differences in treatment response between the FPD-
iPSC and primary FPD samples adds to the case for bringing personalized medicine to bear in
the treatment of FPD. The model cell systems we tested possess different RUNX1 mutations and
consequently differ in genetic backgrounds. There is no current therapy available for FPD patients
while there is a plethora of CDK and proteasome inhibitors used in clinical settings for
hematological cancers. Genetic tests to screen for RUNX1 mutations is still vital to create a
treatment plan as there is a proportion of patients who possess dominant-negative acting
mutations in RUNX1, for which our proposed therapy would be less likely to be beneficial.
However, for the remainder of patients it may even be conceivably possible to treat a patient’s
hematopoietic stem cells ex vivo with drugs inhibiting RUNX1 degradation or by transiently
expressing RUNX1, followed by reinfusion into the patient. This strategy of restoring RUNX1
levels to jump-start megakaryocytic development profiles could also relieve pressure on
developing cells to acquire additional mutations in order to overcome differentiation arrest, which
is a hallmark of leukemic transformation.

Notably, there are a number of other diseases that could benefit from a similar strategy.
For example, GATA2 deficiency syndrome (6), sporadic leukemias driven by transcription factor
haploinsufficiency—such as PAX5 mutations (53), or even non-hematological diseases such as
frontotemporal dementia when caused by haploinsufficient germline mutations in the progranulin

gene (9) could be additional avenues for therapeutic exploration.
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2.5. Figures
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Figure 2.1. Effect of transient expression of exogenous RUNX1 upon endogenous RUNX1
expression in 293T cells. A. Western blot of total RUNX1 protein in 293T cells transiently
transfected with FLAG epitope-tagged RUNX1 expression vector (RUNX1-FLAG), over a 10-day
time course. Immunostaining performed with antibodies directed against RUNX1, FLAG tag, and
beta-actin control. B. Agarose gel electrophoresis showing semi-quantitative gRT-PCR
measurement of RUNX1-FLAG transcript, corresponding to transfection performed in part A. UT,
untransfected. C. Average fold-change of RUNX1 transcript in 293T cells transiently transfected
with RUNX1-FLAG plasmid, relative to untransfected control, as measured by TagMan qRT-PCR.
Confidence intervals represent standard deviation of 3 repetitions.

49



A CDK inhibitors

1

Cdk1
Cdk2

Cdh1 -Al;(/

Neddylation
inhibitor

SCF-Skp;(

Cdc20-APC
Cdh1-APC

Proteasome
inhibitors

¥

Proteasome

B. [293T | cDK Proteasome Neddylation
- inhibitors inhibitors Mbitor
— B
2 é e 2 2 -i?-,
T § 5§ 5% e 3G

£ g o

s 8 &8 2 £ %8

8 ¥ 5 58 & ¥ 5 3 6 ©

kDa X & - O O X > o Zz >
L

_ T" l“ FLAG-tag

— 64

C. CDK. Proteasome
14 . inhibitors inhibitors

RUNX1 mRNA expression realtive to
vehicle

Figure 2.2. Effect of drugs inhibiting RUNX1 proteolytic degradation on RUNX1 protein and
transcript levels in 293T cells transiently transfected with RUNX1-FLAG. A. Schematic of
RUNX1 protein degradation pathway, showing steps at which inhibitors act. B. Western blot
exhibiting elevated levels of exogenous RUNX1-FLAG protein expression in transiently
transfected 293T cells following 24-hours of drug treatment vs. vehicle (DMSO) treatment. C.
TagMan gRT-PCR revealing commensurately elevated levels of RUNX1 transcript in drug-treated
293T cells transiently transfected with RUNX1-FLAG. Confidence intervals represent standard
deviation of 2 repetitions.
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Figure 2.3. Inhibition of endogenous RUNX1 proteolytic degradation in cell lines. Non-
transfected 293T (A), K562 (B), and MEG-01 (C) cell lines were treated with indicated drugs or
vehicle (DMSO) for 24 hours. Immediately afterward, protein lystates were then subject to western
blot detection of endogenous RUNX1 compared to beta-actin control. D. Average fold-change of
endogenous RUNX1 mRNA expression relative to vehicle (DMSO) treatment. Confidence
intervals represent standard deviation of 2-3 repetitions. P values: *<0.05, **<0.01, ***<0.001 in
2-tailed Student’s t-test assuming unequal variance.
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Figure 2.4. Persistence of RUNX1 expression in cell lines following transient inhibition of
its proteolytic degradation. Non-transfected 293T (A-B), K562 (C-D), and MEG-01 (E-F) cell
lines were treated with indicated drugs or vehicle (DMSO) for 24 hours. At 24-, 48-, and 72-hours
following the conclusion of drug treatment, protein lystates from aliquots were then subject to
western blot detection of endogenous RUNX1 compared to beta-actin control (A, C, E). At the
corresponding timepoints, TagMan gRT-PCR was used to measure average fold-change of
endogenous RUNX7 mRNA expression relative to vehicle (DMSO) treatment (B, D, F).
Confidence intervals represent standard deviation of 1-3 repetitions. P values: *<0.05, **<0.01,
***<0.001 in 2-tailed Student’s t test assuming unequal variance.
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Figure 2.5. Transient inhibition of RUNX1 proteolytic degradation during megakaryocytic
differentiation of FPD/AML patient-derived iPSC. A. iPSC differentiation protocol. B. Flow
cytometric analysis, representative results, compared to vehicle-treated and wild type (1) iPSC.
C. Graphical representation of flow cytometric analysis, as depicted in part B (bortezomib and
vehicle, n=3; terameprocol and WT iPSC, n=1). D. Megakaryocyte colony formation (n=1).
Confidence interval represents standard deviation.
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Figure 2.6. Primary FPD/AML mononuclear bone marrow cells treated with inhibitors of
RUNX1 proteolytic degradation early during in vitro megakaryocyte differentiation. A.
Differentiation protocol. B. Representative flow cytometric analysis of megakaryocytes generated
from patient FPD-1 at conclusion of differentiation of protocol. C. Graphical representation of flow
cytometric analysis, as depicted in part B, relative to vehicle-treated control, for each patient
(FPD-1, -2, and -3, or all three analyzed collectively). Immature megakaryocyte populations
correspond to CD41a+/CD42b- and mature populations correspond to CD41a+/CD42b+.
Confidence interval represents standard deviation of 1-4 repetitions. D. Cytospin preparation of
cells (Wright Giemsa stain) harvested at conclusion of differentiation protocol, representative
results obtained from FPD-2 Arrows indicate blebs consistent with proplatelet formation.
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Figure 2.7. Effect of RUNX1 degradation inhibitor treatment on platelet granule formation
during in vitro megakaryocyte differentiation of primary FPD/AML mononuclear bone
marrow cells. Primary cells from an FPD/AML patient were treated and harvested as shown
above (Fig 2.6A). A. Thin section transmission electron microscopy images of cells treated either
with bortezomib, terameprocol, or vehicle. Arrows indicate ultrastructural components: dense
granules (D), alpha granules (o), open canalicular system (OCS), nucleus (N), mitochondria (M),
and vacuoles (V). Proportion of total cells scored at given ranking for presence of dense (B) and
alpha (C) granules, respectively. Rankings were designated as the following number of
granules/cell: - = 0, + = 1-10, ++ = 10-20, +++ = >20. Unidentifiable granules were not included
in ranking. P values: *<0.05, **<0.01 using a chi-square test of independence.
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2.6. Supplementary Tables

Differentiation 1 Differentiation 2 Diffe! iation 3
ge of of of of of of
Patient | tion | Age patient history Marrow presentation attimeof | L . immature mature immature mature immature mature
D BM harvest gakaryocy gakaryocy gakaryocyl gakaryocyl gakaryocy gakaryocyl
(n=#ofcells) | (n=#ofcells) | (n=#ofcells) | (n=#ofcells) | (n=#ofcells) | (n=of cells)
regular menses since 11yo, brusies easily, Normooellular. 50% Vehicle 39.2% n=1232 | 33.8% n=1063 | 48.1% n=2164 | _19.3% n=868
FPD-1 14 no nosebleeds or oral bleeding, mild K i : h Bortezomib 43.8% n=1375 22.2% n=695 50.9% n=1950 14.7% n=562
thrombocytopenia (150) megakaryocytic changes Terameprocol | 43.4% n=2088 | 31.9% n=1536 | 44.7% n=3909 | 36.2% n=3160
NM_001754 Thrombocytopenia and ffe-long history of |y oo T T Vehicle 24.8% =758 | 10.7%n=327 | 14.9% n=661 | 45.9% n=2034
FPD-2 | ¢.1242C>A, | 41 | easy bruising and heavy menses, iron- mnys(gr"es Gorrtind), ZD/VQ Bote. | Bortezomb | 357% n=1126 | 8.66% n=273 | 20.2% =844 | 42.6% n=1781
p.Y414X deficiency anemia secondary to menorrhagia " Terameprocol 17.4% n=835 43.6% n=2095
premenarchal, bruises easly, no other | o 40%. mid Vehicle 29.9% n=1194_| 40.10% n=1604 | 32.8% =935 | 356% n=1015 | 39.9% n=r54 | 27.5% n=528
FPD-3 11 | bleeding symptoms, well child except history | 'Y POcelUiar averaging 40%, mi Bortezomib | 38.9% n=1156 | 27.3% n=810 | _38.9% n=831 22.5% n=480 354% n=621__| _21.8% n=383
of reactive airways Terameprocol | 30.6%n=590 | 35.7%n=689 | 37.9%n=828 | 32.8% n=715 30%n=503 | 37.3%n=738

Supplementary Table 2.1. FPD patient information and flow cytometry analysis at time of harvest
following in vitro megakaryocytic differentiation.

Drug concentration used
Drug Target| Drug Name Vendor informaiton 293T K562 MEG-01 | FPD-iPSC ,f;g“_;’m
Roscovitine Cat;fghz:’ nggTZSG . | soum 50uM 25uM
hsmﬁ'ﬂ?& Cata;(l;cg);c#;|:83094 300nM 300nM 150nM
Decpiﬁg;m Termaprocol Catalig%aégisc-%mg 25uM 25uM 12.5uM 25uM | 25uM |
Kinase P276-00 Cat:lfgc;?g:?% 3uM 3uM 750nM
R547 Catalz(g)]c::ss494 8nM SnM 16nM
SCH 727965 Cast:fgcfs‘z%s 2nM 2nM 400pM
Bortezomib Cata';i; r;:’;?f;“_icooo ;| esum [e5uM SROZ’;\'!;Zr 10nM 5nM 3.250M
<6 Carfilzomib Cat;(i)sgh;r ?gjﬁgﬂﬁgsﬁ " 5uM 5uM 156.25nM
Proteasome Ixazomib CataILcis’;l:Bil; 10 500nM 500nM 3.9nM
Oprozomib Cj:t;;fg%"w 80nM 80nM 80nM
Neddylation |  Pevonedistat Castael";gczfg‘;"og 200nM 200nM 400nM

Supplementary Table 2.2. Summary of drug information and concentrations used for cell studies.

Antibod Blockin Staining Conditions
Antibody Vendor Information . Y| clone Conjugation . 9 (Concentration, diluent,
Species Conditions X .
incubation)
. . Sigma-Aldrich AC-15 . 3% BSA in TBST,
Anti-Actin Catalog #: A1978 Mouse 1 onocional | Wneoniugated 30min RT 1:1000
- Cell Signaling Technologies . ) 5% milk in TBST, 1% BSA, 0.02% Sodium
Anti-AML1 (RUNX1) Catalog #: 43348 Rabbit | Polyclonal | Unconjugated 30min RT Azide in TBST
. Biolegend . ) 3% BSA in TBST, overnight 4°C
Anti-FLAG-tag Catalog #: 902401 (Poly9024 ) Rabbit | Polyclonal | Unconjugated 30min RT
222'(5122?" Thg;’?:lz'sg_e;\fg;‘gff'c Goat | Polyclonal HRP 1:10,000
ywey y — F‘:” Fo— N/A 1% BSA in TBST
nti-Mouse ermoFisher Scientific
1hr RT
Secondary Catalog #: A16072 Goat Polyclonal HRP

Supplementary Table 2.3. Summary of antibodies used for immunoblotting in cell studies.
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Antibody Vendor Information Antibc->dy Clone Conjugation Concentration used
Target Species
CD41a cZ?a|E2a¢::rnfslg?Zg4 HIP8 PE-Cy7 1:50
CatEE)gHizrgg 1n 425 HIP8 V450 1:100
OD420 | oo saroar | Mowe | Pt APC 1:100
OD1 | Gatloq 555783 P2 | FITC 1150
cbis ci?aggmggigs HI30 APC 1:20

Supplementary Table 2.4. Summary of antibodies used for flow cytometry in cell studies.



2.7. Supplementary Figures
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Supplementary Figure 2.1. Flow cytometry analysis of primary FPD patient bone marrow-
derived megakaryocytes. A. FPD-1 analysis. FPD-2 analysis. FPD-3 analysis.
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Supplementary Figure 2.2. Transmission electron microscopy images of primary FPD-1 patient
bone marrow-derived megakaryocytes. A. Vehicle treated cells (n=19). B. Bortezomib treated
cells (n=30). C. Terameprocol treated cells (n=38).
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Chapter 3
Additional studies of preleukemic diseases
Chapter 3.1: Determining the role of neutrophil elastase proteolysis in ELANE-associated
severe congenital neutropenia pathogenesis and normal neutrophil development through
iPSC modeling.
3.1.1. Introduction

Roughly 20 years ago, our lab determined that heterozygous mutations in ELANE,
encoding the potent serine protease, neutrophil elastase (NE), cause cyclic neutropenia (CyN)
and are the most common cause of severe congenital neutropenia (SCN) (1, 2). Occasionally
attributed to the same genetic mutation, SCN and CyN phenotypes are widely different. In CyN,
neutrophil counts dramatically oscillate between normal levels down to nearly zero on a 21-day
cycle. Interestingly, monocytes are also found to cycle in CyN but do so reciprocally to neutrophils
(3). This effect is believed to stem from the fact that monocytes and neutrophils share the GMP
progenitor, and commitment sways between the two cell types as a result of compensating
feedback loops. This can also potentially explain monocytosis commonly observed in SCN (4).
On the other hand, SCN presentation is marked by profoundly low neutrophil counts accompanied
by predisposition to myelodysplasia (MDS) and acute myeloid leukemia (AML). Bone marrow
from SCN patients exhibits a block in neutrophil maturation at the promyelocyte stage (5). Notably,
ELANE expression during granulopoiesis is restricted to a very brief window of neutrophil
development in promyelocytes. This fact makes it increasingly difficult to isolate mutant NE-
producing cells to assess the pathogenic pathways prior to cell death.

As discussed in chapter 1 of this thesis, although there are several well-supported, yet
competing hypotheses regarding pathophysiology, there has been no unifying model to describe
SCN or CyN pathogenesis. It is first important to consider that nearly 100 mutations recorded in
SCN and CyN and none of these mutations have been found to encompass the three catalytic
residues necessary for NE proteolysis, which may suggest retention of these residues is important

for SCN and CyN pathology. This is even more significant because full length NE is only 268
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residues.

The “mislocation” hypothesis is based on the observation that NE trafficking to granules
is frequently disrupted and suggests that damage to the cells is caused by inadequate
compartmentalization of an otherwise indiscriminate protease (6-9). It has also been found that
some NE mutations can activate ER stress and, in turn, the unfolded protein response (UPR).
This observation provides evidence for the “misfolding hypothesis;” whereby mutant NE does not
fold properly, and UPR promotes apoptosis (8, 10-12). The “mistranslation” hypothesis recently
presented by our lab states that mutations at or adjacent to the translational start site, and
potentially UPR-inducing mutations, may utilize downstream in-frame start sites within ELANE to
produce short NE peptides that escape trafficking and catalytic regulation (7). Different mutations
confer different cellular responses, so although these three hypotheses are inclusive, they do not
provide a concrete theory in their reasoning for ELANE-associated congenital neutropenia
pathogenesis.

Currently the field is divided in NE’s developmental role in granulopoiesis. Although we
observe an obvious block in neutrophil maturation in SCN, it is unknown if this response is due to
the previously mentioned hypotheses, or if two copies of wild type NE is required to reach
neutrophil maturity. Recent studies have shown that WT NE has the ability to degrade not only
G-CSF, but G-CSFR as well, both of which are key drivers of neutrophil development (13, 14).
Although there is some discussion on post-translational modifications on G-CSF being necessary
for immediate degradation (14), these findings indicate a clear connection between NE and
granulocytic signaling. With this in mind, it is not outside the realm of possibility that degranulation
or apoptosis of developing progenitors possessing mutant NE may influence the normal pathways
of granulocyte differentiation resulting in some of the pathological aspects observed in SCN and
CyN.

There are a number of endogenous NE inhibitors that act to curb the cytotoxic effects seen

with mass degranulation, such as a1-protease inhibitor, secretory leukocyte protease inhibitor
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(SLPI), and other members within the serpin family (15). Interestingly, WT NE has been found to
drive SLPI expression, SLPI in turn regulates G-CSFR signaling in myeloid progenitors, which we
know drives proliferation, differentiation and survival. Interestingly, SCN patients have been found
to produce significantly decreased levels of SLPI compared to the normal population which may
be explained by mutant NE being unable to perform the necessary molecular mechanisms for
normal neutrophil development. (16).

Deficiencies in these endogenous NE inhibitors outside of SCN, particularly with
hereditary loss of a1-protease inhibitor, can result in emphysematous lung disease, due to
unchecked NE degradation of elastin and other connective tissues in the lung (16). Considering
the prevalence of pulmonary diseases, development of synthetic NE inhibitors has been of great
clinical interest. Sivelestat is one such inhibitor, is licensed for use in Japan and has been used
in multiple clinical trials for acute lung injury (17); however, due to mixed results it has not been
widely accepted as a therapy elsewhere, although it was recently proposed as potential therapy
for ELANE-associated neutropenia (8). Overall, neutrophil elastase-driven damage can be
associated with many different diseases outside of neutropenia, therefore research into
modulating catalysis of this robust protease is medically valuable. If ELANE-associated SCN (EA-
SCN) pathogenesis is found to be dependent on proteolysis, NE inhibitors would theoretically
abolish the phenotype without targeting or altering survival, replicative, or differentiation signals
as seen with G-CSF.

Animal models unfortunately do not faithfully recapitulate the neutropenic phenotypes
seen in patients without harsh drug exposure, making them less than ideal models for studying
EA-SCN pathology (18, 19). Additionally, this disease is uncommon and patient sampling requires
bone marrow aspiration, a high-risk procedure for the immune deficient. Peripheral blood from
patients does not contain many neutrophils, and even upon G-CSF mobilization they are fragile,
and past the developmental stage of ELANE expression. Utilization of cancer cell lines to study

NE pathology have proved valuable for foundational studies but can be inconsistent models of
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associated SCN or CyN phenotypes. It is therefore very exciting that our laboratory, as well as
others, have recently developed patient-derived iPSC models of ELANE-associated neutropenia.
Upon in vitro myeloid differentiation, SCN-iPSCs reproduce pathological aspects of
granulopoiesis, including neutropenia and monocytosis. These cell models can also exhibit
aspects of mislocalization, misfolding, and/or mistranslation of NE. These iPSC models have
allowed us to study potential disease mechanisms of ELANE-associated neutropenia and test the
various hypotheses proposed for its pathogenesis (7, 8, 20). Importantly, Nayak et al showed that
sivelestat, when used in combination with low G-CSF treatment of SCN-iPSCs during in vitro
granulocytic differentiation was able to successfully overcome developmental blockade and
rescue neutrophil maturation equivalent to 20x the amount of G-CSF alone. This result adds
support to the need to explore new approaches to treat SCN due to the growing knowledge that
G-CSF therapy has been implicated in malignant transformation, especially in high-risk individuals
requiring >8ug/kg/d of G-CSF (21).

My specific goals for this project are to develop additional SCN-iPSC models to better

observe the molecular effects of mutant ELANE expression directly, as well as determine how NE

catalysis contributes to neutrophil development and SCN pathogenesis.

3.1.2. Methods

In order to address how NE proteolysis contributes to neutrophil differentiation and SCN
pathology | designed and produced four non-viral vectors harboring specific changes within exon
five of ELANE to be incorporated into a wild type iPSC cell (WTC). Each of these integration
vectors either harbored: a particularly severe SCN patient mutation (G214R), a single amino acid
substitution at the catalytic serine resulting in NE inactivation (S202A), a combination of the two
(S202A-&-G214R), or wild type ELANE (WT-ELANE). Importantly, all of the integrated ELANE
variants are co-expressed with a GFP reporter under a gene-trap promoter (Fig 3.1.1). This
feature was designed with the intention to capture the minority subpopulation actively expressing

NE during in vitro differentiation and study the pathogenic effects immediately following mutant
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NE production. Additional elements were also added to the integration vectors to assist with
selection of positively-integrated clones such as puromycin resistance and red fluorescent protein
(RFP). With the exception of the WT-ELANE vector, plasmids were synthesized by System
Biosciences, transformed into chemically competent E. coli for endo-free maxi prep (Qiagen).
Each of these integration vectors underwent paired transfection via GenedJuice (Millipore-
Sigma) and subsequent spinoculation with an equal amount (1.25ug) of non-commercial, multi-
cystronic plasmid vector expressing the cutter variation of Cas9 enzyme and guide RNA
complementary to the fifth exon of ELANE near the sites of interest. This system initiated double
stranded breaks at the ELANE locus, promoted non-homologous recombination, and in turn
integration of the vector. Notably, the integration vectors all possessed silent changes at the
genomic guide sequence complementary to the guide RNA that facilitates Cas9 cutting, so that
Cas9 would not continuously cut at the guide site once integrated. These guide changes, although
silent on the protein level, were found to be beneficial in screening potential clones as the guide
site is in close proximity to the intended amino acid changes. The cell line used for editing was
the Wild Type Control iPSCs (WTC), previously derived in the Conklin laboratory (22), distributed
from the Coriell Institute, and gifted by the Ruohola-Baker lab at the University of Washington. On
the day of transfection, 1x10° versene-passaged single cells were plated onto a 10cm culture
plate coated with Matrigel growth factor reduced basement membrane matrix (Corning) in mTeSR
media (Stem Cell Technologies) containing transfection reagents. CloneR supplement (Stem Cell
Technologies) was added to culture media for the first 48 hours following transfection. Two days
after transfection, cells were exposed to 300ng/mL puromycin for 72 hours and allowed to
rebound from selection under normal culturing conditions for 4 days. Surviving clones were hand-
picked, expanded, and characterized for integration by Sanger sequencing and Southern blot,
and screened for detrimental chromosomal changes via karyotype (Fig 3.1.1 and 3.1.2). It is
important to note that the clones generated were not expanded from single cells, meaning the cell

lines generated may represent an oligoclonal or polyclonal population.
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Integration status and later, heterozygosity was first determined by performing unbiased
PCR amplification of exon 5 in ELANE using the primers shown in Fig 3.1.1 from genomic DNA
harvested from the entire cell culture. | then cloned these amplicons into CloneJET vector
(Thermo-Fisher) via ligation. Subsequent to bacterial transformation | miniprepped and
sequenced ~20-50 transformants for genotype and calculated the frequency of vector integrated
to wild type sequence to infer heterozygosity. Cells were also monitored visually for stable RFP
presence via fluorescence microscopy.
3.1.3. Results

Thus far, | have generated iPSC clones possessing the G214R or S202A changes; both
variants have clones that have been characterized as heterozgyously or homozygously
integrated. The cell line found to harbor a heterozygous G214R SCN mutation (G13-het) via
Sanger sequencing was found to also be karyotypically normal (Fig 3.1.3A-B). Heterozygosity
testing for clone G13-het presented with 30% WT sequence and 70% vector integrated sequence
(n=51), possibly suggesting a mosaic culture, yet Southern blot revealed a clonal population with
single integration of the vector at the ELANE locus (Fig 3.1.3C-D). Homozygous G214R clone
(G9-homo) was found to be karyotypically normal yet Southern blot analysis suggests integration
of the vector at unintended sites within the genome, or alternatively a non-clonal cell population
(Fig 3.1.3D, 3.1.4). Although not ideal, we have an additional candidate G214R-homozygous
clone (G6-homo) that has passed sequencing screening and karyotype but still needs to be tested
for multiple integration via Southern blot or ddPCR (Fig 3.1.5). If need be, we can culture the G9-
homo cell line in puromycin or perform single cell expansion to see if we can resolve a mixed
culture.

| also established a WTC-edited cell line bearing a heterozygous mutation at S202A (S9-
het) that was confirmed by Sanger sequencing and that passed karyotype analysis (Fig 3.1.6A-
C). Upon heterozygosity testing, transformant sequencing reflected 53% WT ELANE and 47%

vector integrated ELANE (n=19) (Fig 3.1.6D). Characterization via Southern blot displayed single
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integration at the ELANE locus (Fig 3.1.6E). These results indicate a low probability of a mosaic
culture. There are two clone candidates for the homozygous S202A genotype (clones S20-homo
and S23-homo). Clone S20-homo has been found to be karyotypically normal (Fig 3.1.7) yet
Southern blot doesn’t indicate single-site integration (Fig 3.1.6E). This issue could be approached
as previously described for polyclonal-presenting G214R clones. Alternatively, clone S23-homo
has passed initial genomic screening and karyotype analysis but still needs to be tested for off-
target integration via Southern blot or ddPCR (Fig 3.1.8).

3.1.4. Discussion

One of the obvious next steps for this project is to perform genome editing again with the
two remaining integration vectors S202A-&-G214R and WT-ELANE. Additionally, | will perform
the necessary characterization of candidate clones and subject all the cell lines generated to in
vitro granulocytic differentiation. Monitoring the cells during differentiation for GFP positivity will
provide us with the power to conduct fluorescent-activated cell sorting (FACS) to isolate mutant
ELANE expressing cells. We are interested in using these isolates for RNA-seq to determine
changes in gene expression brought on by mutant NE. | will also assess clonal capacity via colony
forming unit assays (CFU) and evaluate cell population dynamics via flow cytometry for
granulocytic surface markers.

These cell lines allow us the opportunity to investigate how catalytic activity of neutrophil
elastase influences neutrophil development and SCN pathology, both questions that are
unanswered or under scrutiny in the field. It is also critical to mention that our method of genome
editing creates models whereby expression of the mutant protein is detectable through a reporter.
This characteristic makes our models superior to other existing iPSC models that have not been
able to achieve mutant protein reporting due to direct reprogramming of primary SCN samples.
The CRISPR guide site we discovered and tested in exon 5 of ELANE will also prove very useful
to the field as we have shown that it can successfully target and edit an exon frequently associated

with more severe cases of SCN and some of the most common mutations found in CyN.
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Additionally, these integration vectors can be easily adapted to harbor any desired changes in
exon 4 or 5 of ELANE. Lastly, although neither homozygous or S202A mutations in ELANE have
been observed in normal, SCN, or CyN individuals, these novel cell models will provide us with
the tools to determine the interaction between NE proteolysis and granulopoiesis in both normal
and diseased states.

3.1.5. Figures

Lgul Digested gDNA

3,844bp distal to 3' HAI

I 4,155bp to ELANE START GEP & Selection Blot
Lgul Expected band: 17,628bp Lgul
P | to ELANE . id CFD1
roximal : | GEP Blot Xagl Digested gDNA m »
9 Expected band: s lon B I 9
Pre ELKI?IEIS' UTR 6,228bp Expected band:
CRISPR guide site Xagl Xagl 2,075bp Xag!
L F Seq primer P QP L
-
------- W — v res [GER svao =[loxP core — Era [MMREEMMMNTA  PuoR  SVAD = CORE |LGP! = ===
5 homology arm junction® .VR Seqprimer GFP Probe PuroR Probe 3" homology arm junction®

Site of knock-in ELANE mutations:
8202A,G214R, S202A-&-G214R
WT-ELANE

Figure 3.1.1. Schematic of ELANE locus after non-viral vector integration and strategies of
clone characterization. R seq primer: reverse sequencing primer, F seq primer: forward
sequencing primer, PuroR: puromycin resistance.
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Figure 3.1.2. Transfection protocol and timeline used to generate ELANE-edited iPSCs.
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C. Clone G13-het: 30% /', 70% vector (n=51)

Figure 3.1.3. Characterization of clone G214R-G13-het. A. Sanger sequencing chromatogram
of ELANE locus at site of CRISPR editing. B. Karyotype of iPSC clone G13-het. C. CloneJet
transformant sequencing to confirm heterozygosity (red sequences: WT, black: vector). D.
Southern blot of G214R clones G13-het and G9-homo. Asterisk indicates intended band size.
Refer to figure 1 for characterization strategy.
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A. G214R: Clone G9-homo
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Figure 3.1.4. Characterization of clone G214R-G9-homo. A. Sanger sequencing
chromatogram of ELANE locus at site of CRISPR editing. B. Karyotype of iPSC clone G9-homo.
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Figure 3.1.5. Characterization of clone G214R-G6-homo. A. Sanger sequencing
chromatogram of ELANE locus at site of CRISPR editing. B. Karyotype of iPSC clone G6-homo.
C. Fluorescence microscopy with Rhodamine merge of clone G6-homo iPSC, magnification 20X.
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Figure 3.1.6. Characterization of clone S202A-S9-het. A. Sanger sequencing chromatogram
of ELANE locus at site of CRISPR editing. B. Karyotype of iPSC clone G6-homo. C. Fluorescence
microscopy with Rhodamine merge of clone S9-het iPSC, magnification 20X. D. CloneJet
transformant sequencing to confirm heterozygosity (red sequences: WT, black: vector). E.
Southern blot of S202A clones S9-het and S20-homo. Asterisk indicates intended band size.
Refer to figure 1 for characterization strategy.
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Figure 3.1.7. Characterization of clone S202A-S20-homo. A. Sanger sequencing
chromatogram of ELANE locus at site of CRISPR editing. B. Karyotype of iPSC clone S20-homo.
C. Fluorescence microscopy with Rhodamine merge of clone S20-homo iPSC, magnification 20X.
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Figure 3.1.8. Characterization of clone S202A-S23-homo. A. Sanger sequencing

chromatogram of ELANE locus at site of CRISPR editing. B. Karyotype of iPSC clone S23-homo
C. Fluorescence microscopy with Rhodamine merge of clone S23-homo iPSC, magnification 20X.



Chapter 3.2: SUZ12: a novel gene implicated in severe congenital neutropenia
3.2.1. Introduction

As discussed in chapter 1.4.4, congenital neutropenia is a genetically heterogeneous
disease. Similarly, our lab has contributed to this growing list of genetic factors found causative
of neutropenia, the example of ELANE-associated neutropenia being the most valuable to the
field. In order to expand the current knowledge of neutrophil development and biology it is critical
for us to continue the search for novel genes or mutations that produce a neutropenic phenotype.
In this chapter | will present evidence that suggests harboring a specific mutation in the gene
SUZ12 can be causative of congenital neutropenia.

Collaborators at Memorial Sloan Kettering Cancer Center (MSKCC) contacted us
regarding two unrelated families with neutropenic children bearing the same mutation in the
polycomb repressive complex 2 protein SUZ12. Kindred 1 (Fig 3.2.1) is a complex case whereby
the father (16-6) was asymptomatic, the mother (16-5) presented with intermittent anemia over
her lifetime, and the four children presented as either unaffected/unknown presentation (16-1, 16-
4) or with severe neutropenia (16-2, 16-3). Proband 16-2, 9 years of age at the time, exhibited
with profound neutropenia and reoccurring infections. Upon genetic screening via
FoundationOne, a commercial platform for identifying “actional” somatic and germline cancer-
associated mutations, the proband was found to harbor a heterozygous variant of unknown
significance (VUS) in the gene SUZ12 (c.2036C>T; p.Thr679lle; chr17:30325838). This variant
exists at a very low allele frequency within the normal population (0.0002059). The amino acid
change is located just outside the VES domain, an element involved in the catalytic domain
interacting with EZH2 (23). Interestingly, the patient was also found to be a carrier for
Shwachman-Diamond syndrome (SDS), possessing a nonsense mutation in SBDS
(c.184A>T; p.Lys62*; chr7:66459273). A pancreatic workup and SBDS protein analysis via
western blot to exclude an occult deletion of one SBDS allele resulting in half-normal protein

production, helped confirm that the proband was simply a carrier of SDS and this status should
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not be causative of her neutropenic state. Significantly, the proband was found to be
hyporesponsive to G-CSF therapy. Our curiosity regarding SUZ72 in SCN was piqued when we
were made aware of an additional, unrelated family (kindred 2) whereby monozygotic twins were
both found to possess the same SUZ172 variant of unknown significance. Notably, only one of the
twins in kindred 2 presented as neutropenic. These observations by our collaborators laid the
groundwork for our studies into how the T6791 VUS in SUZ12 appears to confer congenital
neutropenia.

The gene SUZ12 encodes for a polycomb group protein bearing the same name and is a
critical component of polycomb repressive complex 2 (PRC2). Together with its binding partners
EZH2, and EED, PRC2 works to repress transcription of genes through di and trimethylation of
lysine (K) 27 of histone 3 (H3) to H3K27me2 or 3 (24). These core components of PRC2 are
necessary for development, as knockout studies have proved to be embryonic lethal (25, 26).
Chromatin remodeling via PRC2 plays an important role in early development as well as lineage
commitment. Stem cells specifically rely upon PRC2 to control epigenetic regulation governing
differentiation and proliferation, and cells deficient in SUZ12 display a global loss of H3K27
trimethylation and increased levels of differentiation-specific genes due to lack of silencing
machinery (27). Importantly, conditional knockout of SUZ712 results in failure of hematopoiesis
and loss of HSC maintenance (28). These findings highlight the role PRC2 plays in epigenetic-
driven development and suggest that altered SUZ12 function can be associated with
hematological pathology.

Although SUZ12 mutations have not previously been identified as a driver of neutropenia
outright, there was a report of an EA-SCN patient that underwent leukemic transformation to AML
where their blasts possessed a novel mutation in SUZ72 among others (29). Myelodysplastic
syndromes and myeloproliferative neoplasms have been associated with inactivating-mutations
of PRC2 proteins (30-32). Conversely, activating mutations in PRC2 component EZH2 have been

found in multiple cases of B-cell ymphoma (33, 34). Elevated expression of EZH2 has been found
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in cases of hematological malignancies and is associated with a poor prognosis of prostate and
breast cancer (35). Overall, there is evidence that revision of polycomb functionality can be
oncogenic, yet how these changes can preferentially target specific cell types, in the case of
neutrophils for our patients, remains unknown. In order to explore this idea further and gain
information of the pathogenesis in the case of our SUZ72 VUS patients, we acquired primary
samples from all members of kindred 1 for genetic analysis and iPSC modeling of the proband.
3.2.2. Methods

Fibroblasts were generated from proband samples at MSKCC through unknown
methodology.

Whole blood was obtained from all members of kindred 1. Ficoll separation was performed
to isolate peripheral blood mononuclear cells (PBMCs) which were either pelleted and lysed for
genomic DNA extraction or frozen in 80% bovine serum albumin (BSA), 20% dimethylsulfoxide
(DMSO) and transferred to liquid nitrogen. Genomic DNA was harvested from all family members
via DNeasy Blood & Tissue Kit (Qiagen). The proband sample underwent exome sequencing, the
hit results of which were used to genotype all other kindred 1 members.

Remaining PBMCs from the proband and her unaffected brother (16-1) were thawed and
subjected to the Sendai CytoTune 2.0 reprogramming kit (Life Technologies) under the guidance
of the University of Washington Institute for Stem Cell and Regenerative Medicine (ISCRM). This
approach of reprogramming uses non-integrating, viral vectors where pluripotency transcription
factors Oct4, Sox2, Kif4 and c-Myc are expressed off of a replicative-deficient strain of Sendai
virus, which is eventually diluted out of reprogrammed cells by passaging. Clones were picked,
and expanded until the Sendai virus became undetectable via PCR. Established 16-2 clones were
then karyotyped, genotyped via Sanger sequencing to confirm exome results, and underwent
stem cell characterization via iPSC flow cytometry for stem cell surface markers.

Western blots of undifferentiated 16-2 iPSC clones and 16-2 fibroblasts were performed

using SUZ12 (Cell Signaling Technologies), EZH2 (Cell Signaling Technologies), H3K27me3
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(Millipore), and H3 (Cell Signaling Technologies) antibodies at a concentration of 1:1000 for
SUZ12 and EZH2 and 1:2,500 for H3K27me3 and H3. All antibodies except SUZ12 were
incubated in 5% milk protein in TBST, the later using 5% BSA in the same diluent.

Chromatin immunoprecipitation sequencing (ChlPseq) of undifferentiated iPSCs was
performed in the Hawkin’s lab at University of Washington using either H3K27me3, H3K4me3
(open, active chromatin), or SUZ12 antibodies for pull down and subsequent sequencing of bound
loci and reference alignment. Epigenetic landscape was initially assessed through visual
screening of entire chromosomes using the ENCODE-H1-ESC ChlPseq reference track as a
control.

Neutrophil differentiation of 16-2 iPSC clones was performed in vitro using the protocol
described in (8). Viability of cultures was determined by NucleoCounter NC-200 cell counter
(chemometec). Colony forming unit assays (Stem Cell Technologies) were seeded after initial
flow cytometry assessment for CD34+CD45+ and seeded equally across all clones and control
bone marrow isolated CD34+ cells purchased from HemaCare. Cytospin with Wright-Giemsa
staining was prepared following colony forming unit assays and analyzed for morphology by a
licensed pathologist.

3.2.3. Results

Genotype results of all members in kindred 1 at SUZ12 and SBDS loci are summarized in
Fig 3.2.1. Unfortunately, there was no genotype-phenotype correlation with the SDS carrier status
or SUZ12 VUS.

Reprogramming efforts for 16-1 proved unsuccessful. Proband 16-2 reprogramming was
found to be successful yielding three clones after expansion and characterization: C-1, C-2, C-3.
All three 16-2 clones were found to be karotypically normal and retain the SUZ12 variant first
evident in exome sequencing (Fig 3.2.2). These clones also presented with bonafide stem cell
markers Tra1-81, SSEA-4, and SSEA-3 via flow cytometry after confirmed loss of Sendai

reprogramming factors (Fig 3.2.2, 3.2.3). It is important to note that 12 additional proband iPSC
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clones were generated during reprogramming. However, these clones were found to retain robust
Sendai-specific pluripotency factor expression far past the expected passage of clearance. These
results may suggest that the pluripotency of these SUZ12 variant clones was dependent on
transgene expression and could not achieve full reprogramming due to altered SUZ12 function.

Endogenous protein levels of SUZ12, EZH2, H3K27me3 and H3 in patient-derived
fibroblasts were all reduced in comparison to wild type fibroblasts with the exception of H3, which
was used as a internal control (Fig 3.2.4A). The same protein analysis on 16-2 iPSC clones did
not show any change in SUZ12 levels, yet decreased EZH2 and global H3K27me3 was evident
(Fig 3.2.4B). The decrease in EZH2 protein may suggest altered binding potential of the PRC2
complex but requires further study. The remarkable change in global H3K27me3 was consistent
between 16-2 clones which prompted us to evaluate the epigenetic landscape of the
undifferentiated iPSC clones via ChlPseq for SUZ12, repressive marker H3K27me3, and
activation marker H3K4me3.

Clone C-3 was used for preliminary ChlPseq tests, results from clones C-1 and C-2 are
still under review. The overall chromosomal trends observed in C-3 compared to wild type iPSC
were: decrease in H3K27me3 levels, increased amount of H3K4me3 signal, and minor
differences in SUZ12 binding sites (Fig 3.2.5). This data supports the results observed in western
blots and further suggests that the SUZ12 VUS alters normal epigenetic regulation.

Hematopoietic differentiation studies revealed no significant change in hematopoietic
progenitor (HP) viability generated from 16-2 iPSC clones compared to WT iPSCs (n=4) (Fig
3.2.6A). There was however a significant and near-significant decrease in CD34+CD45+
hematopoietic progenitor frequency derived from 16-2 iPSC clones C-3 and C-2 respectively
(P=0.02, 0.06 respectively, n=4) (Fig 3.2.6B). Myeloid commitment defined by CD33 surface
marker positivity on HPs revealed that although not significant, 16-2 clones tended to produce

less myeloid-committed cells (n=2) (Fig 3.2.6C).
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At the time of studies, granulocyte differentiation of hematopoietic progenitors was low
efficiency and flow cytometry of neutrophil progenitors needed to be optimized, therefore we
utilized a colony forming unit (CFU) assay to evaluate 16-2 neutrophil commitment and maturation
(Fig 3.2.7). Results indicate SUZ12-VUS clone C-1 produced significantly less erythroid colonies
(BFU-E) compared to wild type bone marrow (BM) control (P=0.026, n=2). Additionally, 16-2 clone
C-3 generated significantly more monocyte colonies (CFU-M) as well as granulocyte-monocyte
mixed colonies (CFU-GM) relative to control BM (P=0.009, 0.015 respectively, n=2). It is important
to note that although SUZ72-VUS clones did not present with a difference in granulocytic colony
(CFU-G) production compared to BM, there appears to be a decrease of output compared to WT
iPSCs (n=1). Notably, although | performed four hematopoietic differentiations, the 16-2 clone C-
2 never produced enough CD34+CD45+ hematopoietic progenitors to seed for a successful CFU
assay. Considering CFU-G represents all granulocytes, | isolated cell plugs from granulocyte
CFUs of WT iPSCs and SUZ12-VUS clones and identified the cell types present (Fig 3.2.8).
Cytospin preparation and Wright-Giemsa staining of cells recovered showed WT iPSCs primarily
produced neutrophils at various stages of maturation (n=2) while the CFU-G harvested from C-1
was almost entirely basophils. Clone C-3 displayed various granulocytes with neutrophils at
multiple stages of maturation (n=1). This is an especially interesting observation as it allows us to
point to overall differences in lineage commitment where 16-2 clones lean towards monocyte over
granulocyte development, as well as how neutrophils specifically may have compromised
maturation.

3.2.4. Discussion

This project provides evidence to imply that a T679I residue change in SUZ12 is causative
of SCN. | have established multiple SUZ12-VUS iPSC clones from one individual that upon initial
studies produce phenotypes suggestive of deficient hematopoiesis and potential granulocytic
failure. More studies need to be performed on the 16-2 fibroblast and iPSC lines, as well as other

kindred 1 family members to elucidate the molecular mechanisms of how altered SUZ12 protein
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influences hematopoietic commitment. The apparent decrease in global H3K27me3 in
undifferentiated iPSCs is also of great interest to us. It is however important to consider that the
WT iPSC line used as a control was not reprogrammed with the same methodology. With this in
mind we are open to generating or using new, wild type lines that have since been reprogrammed
similarly.

A limitation of these studies was the inability to obtain additional clinical information on
individuals harboring this genetic variant because they were lost to follow-up. Nevertheless, we
believe that the available clinical and experimental data suggest that the SUZ12 variant may be
contributing to neutropenia but remains unproven until additional families with variants in the
PRC2 complex are found who demonstrate similar clinical phenotypes. We are especially curious
to test the iPSC models for G-CSF hyporesponsiveness seen in the proband. By performing
neutrophil differentiations under G-CSF or a lesser potent cytokine driver of granulopoiesis,
granulocyte-monocyte colony stimulating factor (GM-CSF), we can determine if clones
recapitulate the patient phenotype. The molecular mechanisms of G-CSF hyporesponsiveness
may also be revealed through epigenetic mapping via ChiPseq analysis of developing HSC
progenitors at the G-CSF locus. Since beginning this project we have successfully established
multiple methods of granulocytic differentiation, therefore we aim to conduct neutrophil
enrichment subsequent to HSC differentiation and flow cytometry for neutrophil surface markers
to see if results complement the CFU plug data already generated.

One aspect that truly highlights the influence of epigenetic remodeling in hematopoiesis
for the SUZ12-VUS is that the monozygotic twins in kindred 2 presented differently although they
both harbor the same variant. For this reason, | worked to established three 16-2 iPSC clones
justin case epigenetic memory or subpopulations within circulation possessed different capacities
for proliferation or differentiation. Unfortunately, members of kindred 2 did not consent to research
studies, however we believe this observation supports our theory that SUZ72-VUS T679I can

confer severe congenital neutropenia due to altered epigenetic machinery and/or landscape.
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3.2.5. Figures
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Figure 3.2.1. Kindred 1 pedigree denoting patient presentations and genotype. iPSC:
induced pluripotent stem cell, SCN: severe congenital neutropenia, yo: years old.
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Figure 3.2.2. Patient 16-2 iPSC clone characterization.
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Figure 3.2.3. Flow cytometry results of 16-2 iPSC clones C-1, C-2, C-3 to assess surface
markers indicative of stem cell identity and differentiation.
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Figure 3.2.4. Western blot of 16-2 PRC2 protein components and epigenetic markers. A.
Western blot of wild type control fibroblasts and patient 16-2-derived fibroblasts. B. Endogenous
levels of SUZ12, EZH2, H3K27me3 and H3K4me3 protein in undifferentiated iPSC clones C-1-3
and wild type iPSC.
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Figure 3.2.5. ChIPseq of chromosome 12 in undifferentiated 16-2 patient-derived iPSC.
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Figure 3.2.6. In vitro hematopoietic differentiation of 16-2 iPSC clones. A. Average viability
of CD34+CD45+ hematopoietic progenitors derived from WT and 16-2 iPSC clones. B. Average
frequency of CD34+CD45+ hematopoietic progenitors generated in differentiation relative to WT
iPSC control (n=4). C. Average relative frequency of CD34+CD45+CD33+ myeloid progenitors
produced in culture compared to WT iPSC. Error bars represent standard deviation, *=p<0.05.
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Figure 3.2.7. Colony forming unit assay of 16-2 iPSCs and control samples. BFU-E: blast
forming unit-erythrocyte, CFU-M: monocyte colony, CFU-G: granulocyte colony, CFU-GM:

granulocyte

and monocyte mixed colony, CFU-GEMM: granulocyte, erythroid, monocyte and

megakaryocyte mixed colony. Error bars represent standard deviation. *=p<0.05, **=p<0.01.
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Figure 3.2.8. Quantitative analysis of cell types present in CFU-G plugs. P: plug.
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Chapter 4

Conclusions, broader impacts, and future directions
Chapter 4.1. Closing remarks

My graduate work has broadly contributed to the field of preleukemia in multiple aspects.
| have worked to evaluate novel therapeutic strategies in the case of FPD/AML. Additionally, |
have generated new cell models to study neutrophil development and ELANE-associated
congenital neutropenia pathogenesis. Lastly, | have begun work to characterize a previously
undescribed variant of unknown significance in the SUZ12 gene, that we believe to be causative
of congenital neutropenia. These approaches and findings align with the Department of Pathology
at The University of Washington’s goals to understand the underpinnings of disease by way of
drug discovery, disease modeling, and identification of genetic influences with the overarching
aim to advance translational medicine.

By utilizing drugs that target pathways of protein degradation, more specifically the
ubiquitin-proteasome pathway, we were able to boost levels of RUNX1 transcript and protein in
both cancer cell models, and primary models of FPD. Due to the auto-activation dynamics of
RUNX1 protein, literature suggests that even a small, brief increase in expression can restore to
protein to near steady-state levels (1). Similar effects were observed through transient expression
of exogenous RUNX1, yet this strategy would require strict observation in the case of gene
therapy, as sustained over-expression of RUNX1 is implicated in cancer (2, 3). Alternatively,
targeted repair of the mutated locus ex vivo then reinfusion of the patient’s edited HSCs is a
potential curative approach. In addition, temporary exposure of FPD HSCs to proteasome or CDK
inhibitors ex vivo prior to reinfusion may be a powerful method to rescue the RUNX1 auto-
feedback loop and subsequent downstream target expression without the cytotoxic effects
commonly seen in cancer patients (4). With this in mind, it is critical to consider the other cellular
functions dependent on proteasome function such as mitochondrial processes, regulating cell

cycle and apoptosis, and importantly, immune regulation by way of NF-«B prior to frequent dosing
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of these drugs (5, 6). Thorough genetic screening must also be performed before structuring a
care plan for FPD patients, as a small proportion of individuals harbor dominant-negative
mutations in RUNX1, that our proposed paradigm would not be beneficial. With these factors in
mind, we must appreciate that there are no current therapies available for FPD patients, except
for allogeneic hematopoietic stem cell transplant. Our proposed strategy could influence RUNX1
levels to not only restore megakaryocyte development and platelet production in turn rescuing
thrombocytopenia but relieve the pressure for cells to acquire driver mutations in order to
compensate for poor survival and proliferation, therefore preventing or forestalling the onset of
leukemic transformation.

The lessons learned from our studies of familial platelet disorder with predisposition to
myeloid malignancy reach farther than the case of FPD. Other forms of preleukemic diseases
may benefit from a similar therapeutic system, specifically in the case of GATA2 deficiency. As
discussed in chapter 1.4.5, GATA2 deficiency arises from heterozygous mutations in GATA2, a
short-lived, auto-activating transcription factor required for proper hematopoiesis (7, 8). Also
utilizing the ubiquitin-proteasome pathway of protein degradation, haploinsufficiency of GATA2
would be a clinically translatable model to test or validate our therapeutic potential of these drugs.
Proteasome and CDK inhibitors have been approved for use in multiple cancer types, including
multiple myeloma; however they have not, to our knowledge, been used in the case of treating
haploinsufficiency (4, 5). In fact, a common thread in pathology of hematopoietic cancers is
haploinsufficiency of key transcriptional regulators, echoed in the case of B-cell acute leukemia
attributed to loss of function mutations in PAX5 (9, 10). Other non-malignant, hereditary disorders
are also caused by haploinsufficiency, such as Marfan syndrome (FBN17) and cleidocranial
dysostosis (RUNX2) (11, 12).

Regarding the work | performed to generate new models to evaluate pathogenic
mechanisms of ELANE-associated neutropenia, we have established cell lines and protocols

which act as the foundation for further studies. Although we are not the first group to suggest a
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role of neutrophil elastase catalysis in SCN pathology (13-15), we are the first group to our
knowledge to create novel iPSC lines harboring knock-in variants in the ELANE locus to assess
exactly how NE proteolysis impacts neutrophil development. These models are unique in that
they employ a gene-trap strategy to report endogenous ELANE variant expression. This is a
powerful tool we can use to monitor neutrophil differentiation and development, as well as provide
us with the ability to isolate the mutant-expressing promyelocyte population for further studies.

Serine protease inhibitors in general, have been used as therapies for various diseases
for many years (16, 17). As described earlier, neutrophil elastase inhibitors are frequently used in
the case of inflammatory pulmonary disorders like cystic fibrosis and chronic obstructive
pulmonary disease due to mass degranulation of neutrophils at the sites of inflammation and
injury (18-20). Recent studies have also highlighted the role of neutrophil elastase catalysis in
chronic kidney disease, autoimmunity, and cancer (21, 22). Although there are many endogenous
NE inhibitors and rationally designed small molecular inhibitors, one area of developing interest
is the use of neutralizing antibodies to mediate proteolysis (23). Based off of the theorized
molecular mechanisms of ELANE-associated congenital neutropenia, and paired studies
employing sivelestat in previous SCN iPSC models, we are confident that our new cell models
will allow us the power to fully evaluate how endogenously expressed, inactive NE impacts
neutrophil differentiation, development and SCN pathology.

When considering the effects of catalytic neutralization in neutrophil development, we look
to the primary granule protein azurocidin. Classified as an inactive paralog of serine proteases,
the catalytic serine and histidine residues of this protein have been replaced over time making it
a ‘sterile enzyme’ (24). Localized in the same genomic region as ELANE, the gene AZU1 has
undergone substantial changes ablating proteolysis yet still retains antimicrobial activity through
unknown mechanisms (25). For these reasons azurocidin provides traction for inactivating

neutrophil elastase catalysis without completely losing functional, immune-mediated capabilities.
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With the growing knowledge that G-CSF therapy has been implicated in malignant
transformation, alternative therapeutic avenues should be considered for SCN. If pathogenesis is
found to be dependent upon proteolysis, NE inhibitors would theoretically abolish the SCN
phenotype without targeting or altering survival, replicative, or differentiation signals as seen with
G-CSF. Additionally, some SCN patients are found to be hyperresponsive or resistant to G-CSF
therapy, either overcompensating with rapid expansion of the granulocytic compartment resulting
in hypercellular bone marrow, or requiring large doses of G-CSF to restore neutrophil numbers
with resulting selective pressure on the marrow to undergo malignant transformation, respectively
(26, 27). These patients specifically would benefit the most from alternative therapies and impel
the field to consider an inhibitory mechanism to resolve neutrophil elastase pathogenesis.

Lastly, my work characterizing a novel variant of unknown significance (T679l) in SUZ12
has provided insights into how epigenetic regulation impacts neutrophil development. Although
SCN is known to be a genetically heterogenous disease, none of the affected genes cataloged
thus far have been associated with epigenetic mechanisms. This is an area of great interest to
the field as there have been many new technologies to map epigenetic fate of developing
hematopoietic cells as well as how epigenetic alterations can prompt premalignancy (reviewed in
(28)). By using previously published reports of epigenetic regulation of stem cells and neutrophils
| aim to determine how the SUZ72 VUS effects not only the stem cell epigenetic landscape,
indicated by our preliminary H3K27me3 western blots of undifferentiated 16-2 iPSC clones, but
HSCs and neutrophil precursors as well (29, 30). Although iPSCs are obviously a different cell
type than post-mitotic neutrophils, it is important to consider the impact of epigenetic memory in
these models. The 16-2 iPSC clones generated from reprogramming may harbor residual
epigenetic markers that were once present in somatic samples used for reprogramming, which
may describe the dramatic reduction of H3K27me3 retained in SUZ12 VUS clones compared to

WT iPSCs (31). Considering our lab has contributed greatly to the list of SCN-associated genes
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over the years, | am excited to test these models further to determine the specific mechanisms
leading to faulty neutrophil development due to the SUZ12 VUS.

Overall, my graduate studies yielded outcomes that further expand the wealth of
knowledge in the field of molecular genetics in preleukemic diseases. My findings also provide
evidence of FPD and SCN disease pathogenesis, which can inform new therapeutic approaches
for treatment.
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