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Abstract

Erythropoiesis is defined as the generation of mature erythrocytes, or red blood cells, from
haematopoietic progenitors. There are a number of genes, molecular pathways, and cellular
processes within erythropoiesis which can be disrupted by inheritable mutations and result in
diseases of the red cell, such as anaemia. Clinical outcomes of human anaemic disorders range in
severity from asymptomatic to fatal, prompting the need to develop effective clinical treatments
which target dysfunctional erythroid pathways. Although animal-based experiments have widely
contributed to the fundamental understanding of inheritable anaemias, many underlying
mechanisms of red cell pathology still remain elusive. The chemical mutagen N-ethyl-N-nitrosourea
(ENU) has proven to be highly effective in genome-wide forward genetic screens for the study of
organ-specific diseases in model organisms, such as mice. In order to identify novel regulators of
erythropoiesis, we have undertaken a series of dominant and recessive ENU screens that has
generated three mouse strains with unique red cell phenotypes. This thesis details the
investigations of those mutant mice, which not only offer new insights into the genes and molecular
mechanisms underlying erythropoiesis, but also present new experimental models of human red

cell diseases.

Using ENU mutagenesis to identify red cell phenotypes in mice, three vital erythropoietic pathways
have been reviewed in this study. Firstly, the haem biosynthesis pathway is crucial for the
production of haemoglobin, and defects within the enzymes of this pathway can manifest in
humans as a rare condition known as porphyria. Hereditary coproporphyria, a rare subtype of this
disease, is highly heterogeneous in clinical manifestation, prompting the need to develop better
therapeutic approaches with the help of animal models. Using ENU mutagenesis, we have
identified the first murine model of hereditary coproporphyria, called RBC16, with a phenotype

analogous to the human disease.



Anaerobic glycolysis is the fundamental energy-synthesising pathway within enucleated red blood
cells. Mutations which disrupt the enzymes of this pathway can manifest as severe haemolytic
anaemias with fatal clinical outcomes. Triosephosphate isomerase (TPI) deficiency is the rarest
and most severe glycolytic enzymopathy, for which no treatment or long-term management
strategy has been developed. This study describes a recessive ENU mutagenesis screen which
identified a mouse mutant, RBC19, found to be a novel model of TPI deficiency. Using this model,
we have demonstrated the effectiveness of a bone marrow transplant in rescuing the red cell
phenotype and glycolytic defects, the results of which have translatable implications towards the

clinical management of TPI deficiency.

Lastly, iron metabolism is a complex multifaceted pathway involving many genes, hormones, and
transcription factors. The erythroid-specific transferrin receptor is central to this process, and
mutations that occur within this receptor have shown to cause anaemic phenotypes in
experimental models. A novel ENU mutagenesis mutant mouse, RBC21, offers a unique
perspective on transferrin receptor function and its role in red cell pathology. New technology has
allowed us to visualise for the first time the effects of various transferrin receptor mutations on

protein structure, expression, and function on a single-cell level.
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CHAPTER ONE

Introduction

Erythropoiesis is the process of generating mature red blood cells (RBC) from the haematopoietic
stem cell (HSC); a vital cellular program that ultimately allows oxygen exchange and the transport
of nutrients through the bloodstream to tissues. Mutations which occur in the erythropoietic
pathway and affect the development or function of RBCs often result in the manifestation of clinical
disease, particularly anaemia. Anaemia is a global health concern that is estimated to affect up to
25% of the world’s population, and varies greatly it clinical presentation and outcome, from
asymptomatic to fatal. Observations in humans and experimental studies in animal models have
identified a number of hereditary mutations in the genes that regulate erythropoiesis as being
causative to the underlying pathology of particular anaemias, however, many patients still present
with red cell conditions of unknown aetiology, suggesting there are many genes, pathways,
hormones, and feedback mechanisms regulating erythropoiesis yet to be identified. Additionally,
rare and complicated anaemias remain difficult to diagnose and treat, prompting the need to
generate reliable animal models that recapitulate these conditions in order to establish better
clinical treatments. Forward genetics screens, using the mutagen N-ethyl-nitrosourea (ENU), has
become a powerful tool in genome-wide studies of specific organ systems, such as erythropoiesis.
The application of this method in mouse models has proven to be vital in the further understanding
of mammalian red cell development and in the generation of novel animal models of human red

cell diseases.
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1.1 Erythropoiesis

1.1.1 The haematopoietic stem cell and erythroid progenitors

The haematopoietic stem cell (HSC) is the pluripotent, self-renewing stem cell of the bone marrow
from which all blood cells are derived'. Haematopoiesis defines the HSC'’s role in the collective
generation and maintenance of all blood components, including white blood cells (leukocytes),
platelets (thrombocytes), and red blood cells (erythrocytes) (Figure 1.1). Through complex, multi-
faceted processes, HSCs give rise to progenitor cells which gradually lose their pluripotency and

self-renewal capacity, and eventually commit to one of the definitive blood cell lineages®.

Erythroid progenitor cells emerge from the myeloid Iineage3. This begins with the common myeloid
progenitor (CMP), responsible for generating all myeloid cell types. A more restricted progenitor,
the megakaryocyte-erythroid progenitor (MEP) cell, derives from the CMP and subsequently
undergoes step-wise maturation to become an RBC within the bone marrow (Figure 1.2). The first
definitive erythroid cell to emerge from this precursor is the erythroid blast-forming unit (BFU-E),
and subsequently the erythroid colony-forming unit (CFU-E), which can be grown in culture in the
presence of the hormone erythropoietin (Epo)*. The first morphologically recognisable erythroid
cell to appear is the proerythroblast. It is the first erythroblast to express transferrin receptor (TfR or
CD71) on its cell surface for the purpose of iron uptake®. From this precursor, the basophilic
erythroblast emerges, as does the erythroid-specific cell surface marker, glycophorin A (Ter-119).
Morphologically this cell is smaller in size with a denser nucleus than the proerythroblast, and the
cytoplasm appears highly acidic due to the rapid synthesis of haemoglobin. A reduction in size and
condensation of the nucleus continues on as the cell matures into the polychromatic erythroblast,
immunologically characterised as Ter-119*CD71™. The orthochromatic normoblast is the last
stage of development before the erythroid cell loses its nucleus via enucleation. This process
expels the compacted, polarised nucleus from the cell to increase the intracellular space where
oxygen exchange will later occur. The remaining enucleated cell, known as a reticulocyte, still

retains some ribosomal machinery. Reticulocytes are present in the bloodstream in low
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percentages (2-3%), but must expel their remaining RNA to become fully functional, oxygen-

carrying erythrocytes. Immunologically, the mature RBC is characterised as Ter-119*CD71"".

1.1.2 Erythropoiesis during development

Mammals—particularly humans and mice—share overlapping developmental programs throughout
embryogenesis, including many aspects of erythropoiesis®. In both organisms, there are unique
waves of blood cell formation that supply the embryo with oxygen-carrying cells through various
stages of development. The two main erythropoietic programs, termed primitive and definitive
erythropoiesis, differ in progenitor cell expansion, site of development, and globin synthesis to suit

the needs of the growing embryo (Figure 1.3)".

Primitive erythropoiesis begins as early as embryonic day 7.5 (E7.5) in the mouse, and
approximately 2.5 weeks post-gestation in humans. In the yolk sac, blood islands arise in the
mesodermal layer, where hermangioblasts supply the embryo with the earliest proerythroblasts. In
contrast to HSC-derived erythroblasts, these precursors remain nucleated and only offer minimal
oxygen-carrying capacity during early embryonic development. By approximately day E10.5 in
mice, or 4 weeks in humans, the emergence of the mesoderm-derived aorta-gonad-mesonephros
(AGM) initiates definitive erythropoiesis by supplying the first self-replicating HSCs capable of
generating all blood cell lineages’. Prior to the formation of bone marrow, erythroblasts must
migrate to the foetal liver to expand and mature, a process which occurs by E12.5 in mice or 6
weeks post-gestation in humans. During foetal liver erythropoiesis, globin switching also occurs to

supply the embryo with more adult-like haemoglobins with greater oxygen-carrying efficiency®.

Eventually the bone marrow becomes the primary site of definitive erythropoiesis’, which begins in
humans at approximately 18 weeks’ post-gestation but does not occur in mice until birth. The liver
and other extramedullary organs with blood-developing capacity, such as the spleen, are not used

as major sites of erythropoiesis in the adult unless severe injury or blood loss occurs, or in cases of
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particular dyserythropoietic diseases, when the bone marrow alone cannot supply sufficient

numbers of RBCs®.

1.1.3 Iron

Iron is one of the most abundant metals in the body and is used by many cells for various
molecular processes. Due to its oxygen-binding capacity, it plays a well-known role in red blood
cell function, and, if in excess or lacking, can cause pathological diseases such as
haemochromatosis'® or iron deficiency anaemia (IDA)", respectively. Since the body has limited
iron-storing capacity, iron is required from the diet, which is best found in red meat, dark leafy
greens, and beans. Iron absorption takes place across the duodenum, where enterocytes allow the
uptake of ferrous (Fe*?) iron through the DMT-1 portal at the apical membrane'. At the basal
membrane, iron enters the bloodstream through ferroportin. There, the copper-dependant
ferroxidase, hephaestin, converts ferrous iron into it's ferric (Fe*®) form, which then allows it to bind
to its carrier protein, transferrin (Tf), and circulate to cells which require and utilise iron (Figure 1.4).
The other major source of the body’s iron comes from macrophages, which digest old red blood
cells as they pass through the spleen and recycle their components, such as iron, which is

released back into the bloodstream via the ferroportin channel also®.

Iron-bound Tf (Fe-Tf), carrying up to two atoms of iron per molecule, binds to the transferrin
receptor (TfR), a transmembrane glycoprotein encoded by two genes: TfR1 (CD71) and TfR2™.
TfR1 is expressed on multiple cells but is the major surface protein of haemoglobin-producing
erythroblasts, while TfR2 expression is mostly localised to hepatocytes of the liver. TfR1 plays a
more senior role in cellular iron uptake (Figure 1.5). The receptor functions as a homodimer and
possesses two binding regions capable of binding two transferrin molecules'®. During steady state,
receptor binding regions are occupied by the iron-regulatory haemochromatosis protein (HFE).
TfR1 has a much higher affinity for Fe-Tf than HFE at biological pH (approx. 7.4), and so HFE is
outcompeted and displaced when Fe-Tf is present. The Tf-TfR complex then enters the cell via

receptor-mediated endocytosis, within a clathrin-coated pit, to form an endosome. A reduction in
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pH (approx. 5.5) allows iron to disassociate from its carrier protein, but keeps Tf anchored to the
TfR'. The metalloreductase, STEAP3, then converts ferric iron back into a more soluble ferrous
form, allowing iron to leave the endosome and enter the cytosol, where it is subsequently used in
the synthesis of haem, or stored as ferritin. The empty Tf-TfR complex is cycled back to the cell

surface, where empty Tf (apo-Tf) disassociates from the receptor and returns to the circulation.

The displaced HFE molecule is part of a well-controlled feedback loop with TfR2 that tightly
regulates iron uptake to prevent iron overload (Figure 1.6)'®. In high iron conditions, free HFE binds
to TfR2 and triggers the assembly of a large protein complex at the cell surface of hepatocytes.
This complex involves known iron-regulatory molecules such as hemojuvelin (HJV) and bone
morphogenic protein 6 (BMP6). The formation of this complex triggers downstream intracellular
signalling that prompts the synthesis of the iron-regulatory hormone, hepcidin'®"". Hepcidin
subsequently binds to and inhibits ferroportin, blocking iron absorption from the diet or from being
released by macrophages. Upon depletion of cellular iron stores, the lack of oxygen tension in
tissues initiates the hypoxia-driven synthesis of erythropoietin (Epo) in the kidney. Epo drives the
synthesis of a bone marrow-derived hormone, erythroferrone (Erfe)'®, which negatively regulats
hepcidin. The inhibition of hepcidin reopens ferroportin channels and allows iron absorption to

resume.

Iron itself is a key regulator of protein synthesis. Several genes regulating the iron metabolism
pathway, including TfR1, Tf, ferritin, ferroportin, and hepcidin, contain sequence-specific iron
responsive elements (IREs)'. IREs direct the binding of iron regulatory proteins (IRPs) to the 5’ or
3’ untranslated regions (UTR) of mMRNA transcripts, resulting in RNA stabilisation or
degradatdation, depending on the body’s needs'. In high iron conditions, IRPs inhibit the
translation of mMRNAs encoding DMT-1 and ferroportin, to help reduce the amount of iron entering
the bloodstream. During low iron stores, IRPs increase synthesis of TfR1, leading to enhanced
expression on the cell surface, and reduces transcription of ferritin or Tf. These complex
mechanisms and overlapping regulatory pathways highlight the importance of maintaining

balanced iron levels in the body.
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Multiple clinical conditions that can manifest as a result of excessive or insufficient iron levels.
Haemochromatosis, or iron-overload, can be acquired or can stem from inherited mutations in one
of the many regulatory elements of iron metabolism pathway'®'®. Common genes responsible for
the pathogenesis of haemochromatosis include those encoding HFE, hepcidin, HJV, and TfR2.
Mutations in these genes are typically loss-of-function, and when mutated, the ability to detect high
intracellular iron levels is lost. If iron concentrations persistently exceed the body’s daily needs, iron
can become deposited in tissues, such as the joints, heart, liver, and pancreas, causing cirrhotic
damage to organs. Avoidance of high iron foods and regular phlebotomies is the best clinical
management strategy, sometimes in combination with iron chelating agents'. In contrast, poor
dietary intake of iron or malabsorption can result in iron deficiency anaemia, believed to account for
50% of all cases of anaemia globally''. Vegetarians, pregnant or menstruating women, and
patients with underlying bleeding disorders are highly susceptible to developing IDA. Pallor,
lethargy, and dizziness are common symptoms of IDA, but this can progress to difficulties in
swallowing, nail and hair brittleness, tachycardia, or developmental delays in children if left
untreated. Oral iron therapy is typically the first stage of addressing low iron stores®. Intramuscular
injections of iron are available for more severe cases, as well as intravenous iron or blood
transfusions to replenish iron pools more rapidly. However, there are an increasing number of
patients with microcytosis and suspected IDA who do not respond to iron therapyzo. These rare
cases highlight the possibility of inherited iron metabolic defects within erythropoietic genes that

are yet to be identified in humans.

1.1.4 Haem

Haem is the prosthetic cofactor of the haemoglobin molecule that binds iron and allows gas
exchange to take place between RBCs and other tissues?'. It is an organic compound that belongs
to a class of porphyrins, made of four modified pyrroles that form heterocyclic rings, each held
together by methane bridges. It is this iron-conjugated ringed molecule that gives haemoglobin,

and ultimately red blood cells, their distinctive red colour. The majority of the body’s haem (70%) is
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synthesised in bone marrow erythroblasts for use in haemoglobin, while the remainder is largely
generated in hepatocytes for integration into non-haemoglobin proteins, such as myoglobin,

cytochromes, and enzymes such as peroxidases.

Haem is synthesised by the porphyrin biosynthesis pathway, which takes place in the mitochondria
and cytosol of cells via a series of irreversible enzymatic reactions (Figure 1.7)*". This begins with
the rate-limiting porphyrin precursor, d-aminolevulinic acid (ALA), synthesised in the mitochondria
by aminolevulinic acid synthase (ALAS). In the cytosol, two molecules of ALA are dimerised into
porphobilinogen (PBG) by the ALA deaminase (ALAD) enzyme, generating the first ringed pyrrole.
PBG is then condensed into a series of porphyrins by subsequent enzymatic reactions, generating
uroporphyrinogen lll, coproporphyrinogen lll, and protoporphyrinogen IX, in linear succession. The
last of these decarboxylating reactions generates protoporphyrin IX. When iron is integrated into
the centre of the protoporphyrin IX structure, it becomes ferrous protoporphyrin, or haem. Haem, in
turn, regulates its own synthesis pathway by completing a feedback loop with ALAS, limiting the

enzyme’s function or protein transcription to ensure haem is not over-produced?'.

Loss-of-function mutations can occur in any of the seven enzymes involved in porphyrin
biosynthesis, diminishing haem production and causing excessive accumulation of porphyrin
intermediates. This clinically presents as a condition called porphyria, for which there are several
subtypes depending on which enzyme is affected (Table 1.1)?2. The porphyrias are a highly
heterogenous collection of diseases that can be autosomal recessive, dominant, or X-linked in
inheritance. They are typically rare in incidence; the most common occurring form of porphyria
seen in humans, porphyria cutanea tarda, which occurs due to autosomal dominant mutations in
the UROD enzyme gene, has an incidence of 1:25,000%. Other subtypes, such as ALAD
deficiency porphyria, have had less than 10 known reported clinical cases. Each porphyria varies
enormously in penetrance, clinical presentation, onset, severity, and triggers, but typically emerges
during adolescence with intermittent bouts of abdominal pain, nausea, discoloured urine, skin
blisters, and peripheral nervous symptoms. Biochemically, high concentrations of unmetabolised

porphyrins are detected in the urine, faeces, and blood. If left untreated or poorly managed, the
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condition can progress to severe pain, seizures, tachycardia, renal failure, and paralysis.
Symptoms are experienced in waves, referred to as ‘crises’, and are usually brought on by
environmental or endogenous factors which hyperactivate porphyrin synthesis?. The ALAS
enzyme is particularly responsive to environmental triggers, including alcohol, drugs (particularly
barbiturates), iron, and hormones (such as progesterone). Patients who therefore take particular
medications, as well as women, are more susceptible to experiencing porphyric crises than others
with the same genetic mutation. Inhibitors of ALAS include glucose and haem. Intravenous glucose
or dextrose, as well as the haem-based pharmaceutical, heme arginate (Normosang)®, can be
administered to patients suffering moderate to severe porphyric crises to dampen symptoms.
Otherwise, avoidance of triggers and maintaining a high-carbohydrate diet are currently the only
long-term management strategies for patients with porphyria. Research into better treatment

options for the porphyrias, such as gene therapy and ALAS inhibitors, is currently underway?*.

1.1.5 Energy requirements of the red cell

Like all cells, RBCs require energy in the form of ATP (adenosine triphosphate), and cofactors
such as NADH, to perform basic cellular functions. While gas exchange occurs passively, other red
cell homeostatic mechanisms, such as a membrane deformability, antioxidant reactions, and ion
pump operation, are ATP-dependant®®**°. Two signature cellular mechanisms result in the
production of ATP: glycolysis—the anaerobic pathway—and oxidative phosphorylation, which is
oxygen-dependant. Since RBCs lack mitochondria, they are restricted to glycolysis as the only
pathway to obtain ATP. Glycolysis consists of a series of reversible enzymatic reactions that
converts one molecule of glucose into two molecules of pyruvate and two molecules of ATP
(Figure 1.9)*'. Typically, pyruvate is funnelled into the oxidative phosphorylation pathway to
generate more ATP through the electron transport chain. In RBCs, pyruvate is reduced to lactate

by lactate dehydrogenase (LDH), and then excreted from the body as waste.

The enzymes involved in glycolysis reactions are considered housekeeping proteins (eg: GAPDH)

due to their ubiquitous expression, high stability, and near-perfect catalytic kinetics®’. Inheritable
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mutations can occur within almost any of these housekeeper genes, but due to the red cell’s total
dependence on glycolysis as its energy source, metabolic enzymopathies have a more profound
effect on RBCs over other tissues. Glycolytic enzymopathies often present clinically as non-
spherical haemolytic anaemias, which ranges from mild to fatal in severity3°. The most common
deficiency in humans is glucose-6-phosphate dehydrogenase (G6PD) deficiency: an X-linked
condition that affects the pentose-phosphate pathway, adjacently linked to glycolysis®. Haemolytic
anaemia is a common clinical finding, although it has no long-term impact on patient lifespan and is
controllable by avoiding specific foods that trigger the enzymes of this pathway, such as fava
beans. Mutations in other enzymes, such as hexokinase, pyruvate kinase, or triosephosphate
isomerase (TPI) are far rarer and can be associated with more severe pathology, including
jaundice, lethargy, susceptibility to infections, splenomegaly, and, particularly in cases of TPI
deficiency, neurodegeneration and death in early childhood®*®. In these haemolytic conditions, the
red cell lifespan (typically 120 days in humans) is dramatically reduced, and RBCs are destroyed
by the spleen faster than the bone marrow can replace them. If not countered by regular blood
transfusions or reversed using a haematopoietic stem cell transplantation (HSCT), the haemolytic
anaemia can prove to be fatal. Due to the rarity of these conditions, and the elusiveness of red cell
metabolism, further research into metabolic diseases is needed in order to establish novel

therapeutic options.

1.2 Clinical and experimental approaches in the study of red cell
diseases

1.2.1 Mice as model organisms

The identification of many genes and regulators of erythropoiesis have largely come from the study
of patients or families with pathological red cell phenotypes. Pallor or jaundice, changes to red cell
indices or morphology, and the quantification of products in the serum and urine are traditionally
used to diagnose red cell conditions, such as anaemia®. Advancements in gene sequencing
techniques have also proven incredibly beneficial for the identification of new mutations

responsible for red cell diseases in humans®. The use of animal models, such as mice, has also
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had a profound impact on the identification of novel genes or alleles that govern erythropoiesis, as

well as the understanding of underlying molecular mechanisms that contribute to human pathology.

The house mouse (mus musculus) shares more than 85% genetic homology to humans in terms of
protein-coding genes. Their genome was entirely mapped in 2002%, allowing researchers to easily
manipulate, edit, delete, and transpose almost any segment of their genome. The function of single
genes can be studied at a complete systemic level with the use of mouse models, which can

ultimately lead to the identification of new molecular mechanisms involved in cellular pathways and

the design of novel therapies that target those mechanisms.

There are two directions in which mouse genetics and phenotypes can be ultimately studied:
forward or reverse (Figure 1.10). Reverse genetics is the more traditional method, in which a
known gene of interest is edited, mutated, inserted, or deleted from the genome, and the resulting
mouse phenotype is observed and catalogued37. While this approach has demonstrated the
importance of many genes in their role in disease origin and progression, it requires previous
knowledge of the existence of the gene of interest, and is often considered a biased method that
forces researchers to expect a definitively noticeable outcome in the animal’s phenotype. Many
methods of reverse genetics are also costly and time-consuming, and the resulting outcomes are
not guaranteed to phenocopy human diseases. Forward genetics is an unbiased method in which
random mutagenesis creates organisms with distinct phenotypes, which are then genetically
sequenced in order to locate the underlying mutation responsible®. Prior knowledge of the gene’s
existence or function is not required; forward genetics can therefore be utilised in the rapid
identification of new genes or alleles. Experimentally, the process of random mutagenesis is
relatively cheap and simple, and can generate large litters of phenotypically fascinating progeny
that can then be screened for particular traits of interest. With advances in gene sequencing
technology, such as next-generation sequencing (NGS) techniques, gene identification following
forward genetic screening is also becoming faster and cheaper to perform. For the purpose of
identifying novels genes regulating specific pathways such as erythropoiesis, forward genetics is

an ideal experimental method to use on mouse models.
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1.2.2 ENU mutagenesis as a method of forward genetics

Many methods of forward genetics have been employed to induce spontaneous phenotypes in
model organisms. Exposure to radiation or chemotherapeutic agents have been widely used to
initiate random base-pair mutations, spile variants, deletions, and chromosomal rearrangements in
DNA, generating interesting phenotypes in model plants and animals®’. Amongst the chemical
mutagens often used in mice is the alkylating agent, N-ethyl-N-nitrosourea (ENU)*“°. The
properties of ENU have been well-characterised and it is considered ideal for forward genetics
studies for many reasons, such as its calculatable mutation frequency, and the fact that it
favourably induces missense or nonsense mutations within coding regions at a high rate (>80%)*".
These properties not only increase the likelihood of generating a notable phenotype due to a
mutant protein product, but also allows high-throughput, cost-effective NGS techniques, such as
whole exome sequencing (WES), to be easily utilised in identifying the mutation thereafter. ENU
mutagenesis generates heritable mutations at a frequency of about 1.4 x10° per nucleotide site,
two orders of magnitude faster than the natural mutation rate*'. At optimal levels, with the

maximum mutagen dose tolerable, a frequency of up to 6 x10” mutations per nucleotide,

equivalent to one mutation every 650 gametes, can be obtained in mice®".

ENU mutagenesis has been utilised in the identification of novel genes or alleles involved in many
pathological processes critical for understanding human diseases, such as diabetes, hearing loss,
malarial resistance/susceptibility, haematopoiesis, and neurological defects***¢. One major
advantage of ENU over reverse genetics methods, such as targeted deletions, is that the presence
of a mutant gene can often be more informative than the gene’s absence entirely. In knockout
animal models, the deletion of an important gene of interest may be unviable and cause embryonic
lethality, or if the gene of interest is non-redundant, a phenotype may not develop at all. Since ENU
favours base-pair substitutions in coding regions, a mutant gene product is often preserved,
allowing a greater analysis of that gene’s function*'. The mutations gained through ENU

mutagenesis are also germline and do not require complex editing or manual induction of the
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mutation, such as with CRISPR-generated mutants or conditional knockout models, which are
expensive, biased, and time-consuming. ENU can also result in gain-of-function mutations as well

as loss-of-function, expanding the breadth of understanding in functional genomics®.

Dominant and recessive ENU mutagenesis screens are performed on male mice. The alkylating
agent induces mutations within spermatogonial cells by transfer of the chemical’s ethyl group to
random nucleotides, causing base-pair mismatching®’. After intraperitoneal injection, male mice
are crossed with untreated females to create G, progeny, which can be screened for the
phenotype of interest in a dominant screen. In a recessive screen, G, mice are intercrossed or
backcrossed with the original paternal mouse generating G2 progeny ,which may then display a
homozygous phenotype of interest. To determine if a phenotype is fully penetrant, selected
animals are outcrossed with wildtype mice to assess phenotype heritability. Weak phenotypes may
be more penetrable if crossed onto the background of another inbred mouse strain. For instance,
ENU mutant mice initially generated on BL/6 backgrounds are later crossed with a BALB/c mouse
to intensify their phenotype, since BALB/c mice are more susceptible to the effects of ENU than
other strains*’. Once a stable, inheritable phenotype has been established, the mutant strain can
then be characterised and the causative mutation can be identified using NGS techniques. For
ENU mutagenesis screens, such as those used in this project, WES was an ideal application due
to the higher likelihood (80%) of finding the mutation within a coding region. Bioinformatics then
aligned the sequences to the background strain database (g: BL/6) in order to identify the affected

gene.

1.2.3 Limitations of ENU mutagenesis

ENU mutagenesis is not without its limitations, and several factors must be considered in the
design of a forward genetics screen. The genetic background of the mouse strain can greatly affect
the outcome of the experiment: mutability and phenotype strength differs greatly between inbred
strains*’. BALB/c mice, as mentioned, are more susceptible to ethylating mutagens than the BL/6

strain and often display a stronger ENU-induced phenotype. This mixed genetic background later
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complicates genetic sequencing and bioinformatics required for the identification of the mutant
gene. Similarly, there is a difference in the tolerability of ENU toxicity: FVB/N mice, for example,
are more susceptible to high concentrations of the cytotoxic mutagen and require a lower dose*®.
Since ENU mutagenesis is a dose-dependant process, the maximum calculable rate of mutations

varies greatly between strains.

The penetrability of the phenotype is also a major hurdle that determines the success of the
experiment: phenotypes with low penetrability or which gradually diminish with subsequent
generations cannot be further studied and are ultimately lost. In progeny with strong, observable
phenotypes, researchers must be mindful that additional mutations will also be present from the
initial mutagenised male. A careful breeding strategy must be designed so that mice are bred in
favour of only one phenotype. If additional mutations are still present in the cohort at the time of
genetic sequencing, multiple false positive results may emerge, making it more difficult to

determine with certainty the singular gene responsible for the observed phenotype.

Lastly, despite the randomness of mutagenesis induced by ENU, particular DNA hotspots exist,
therefore some genes are far more ‘mutable’ than others*'*”. ENU is particularly drawn towards
protein-coding exons, as open euchromatin is more susceptible to ethylation than tightly-packed
heterochromatin, therefore large genes with more exons are more likely to be targeted. On a
nucleotide level, ENU is more likely to induce transversions of thymine (T) more than any other
nucleotide, particularly when surrounded by G/C-rich regions. This pattern of mutation does not
match the pattern generally observed in human disease, in which glycine (G) or cysteine (C)
residues are more likely to be involved in monogenic diseases due to the high rate of base-pair
mismatching of methylated CpG islands*'*’. This reduces the probability that mutagenesis screens
will generate animal models of human diseases with identical genetic profiles. Therefore, given
these biases of chemical mutagenicity and epigenetic regulation, not all genes will be targeted
equally. In fact, it is predicted that <10% of the organism’s total genome can be targeted by ENU,

leaving a substantial proportion inaccessible by this method*".
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1.2.4 Application of ENU mutagenesis in the study of erythropoiesis

Over the course of several years in our laboratory, a series of genome-wide forward genetics
screens using ENU have been performed on mice generate a library of phenotypically distinct
mutant mouse strains with red cell defects (Table 1.2). These red blood cell (RBC) mutants,
numbered in order of discovery, were phenotyped by their red cell mean corpuscular volume
(MCV), which, if more than three standard deviations above or below the average population, were
classified as macrocytic or microcytic RBC mutants, respectively. To date, a total of 17 RBC
mutant strains have been identified through these screens. Their corresponding mutations have all
been identified using a combination of gene mapping, Sanger sequencing, and WES, depending

on the availability of the sequencing technology at the time.

The majority of RBC mutants were found to harbour autosomal dominant mutations which
appeared in the G4 population (RBC6, RBC12, RBC13), some which also produced viable
homozygotes with a more severe phenotype than their heterozygous littermates (RBC10).
Unsurprisingly, a vast majority of the mutations identified were found within erythroid-specific
genes that were responsible for, or contributed to, RBC development, such as red cell membrane
formation (RBC2)*, globin synthesis (RBC13, RBC14)%, and iron metabolism (RBC6%', RBC7).
Some mutations were more ubiquitous, but nonetheless affected RBC function, including genes
that control cellular salt regulation (RBC10)*? and endocytosis (RBC12)*. As a result, many RBC
mutants were found to be accurate models of human red cell diseases, such as hereditary
spherocytosis (RBC2) and B-thalassemia (RBC13, RBC14), while others offered new molecular
functions for known genes (RBC12). Taken together, ENU mutagenesis can effectively identify
novel genes or alleles that regulate erythropoiesis, and generate accurate models of human red

cell diseases.
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1.3 Project outline

This thesis contains the details and results obtained from the characterisation of three novel RBC
mutant mouse lines identified in independent ENU mutagenesis screens: RBC16, RBC19, and
RBC21 (Table 1.2). Each mutant model, derived from a unique founder mouse, was phenotyped
by MCV, and subsequent gene mapping or WES isolated the causative genetic mutation. These
studies have identified novel autosomal dominant and recessively inherited red cell defects,
displaying both microcytic and macrocytic anaemia, offering unique insights into human red cell
diseases. The results of the characterisations of each mutant RBC strain are presented here in the
form of three scientific articles (see Thesis including published works), which have either been
published by peer-reviewed scientific journals (RBC16)** or have been submitted for publication

during enrolment (RBC19, RBC21)%%.

The hypothesis for this project was as follows:
That RBC mutant mice, identified in ENU mutagenesis screens, will reveal novel genes or alleles
that regulate erythropoiesis, and will offer new insights into the pathological mechanisms that

contribute to human red cell diseases.

For each RBC mutant strain (RBC16, RBC19, and RBC21), three key aims were addressed in this
project:

1. To characterise the RBC mutant’s haematological, developmental, and physiological phenotype.
2. To identify the causative mutation in the RBC mutant that resulted in that phenotype.

3. To utilise the RBC mutant in further understanding the molecular mechanisms of erythropoiesis

and the pathogenesis of human red cell diseases.
The expected outcomes of this project included the anticipation of identifying novel genes or alleles

that regulated erythropoiesis through phenotypic characterisation and genetic sequencing of these

novel RBC mutant strains. We also expected these mutant mice to contribute towards the further
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understanding of human red cell defects, either by identifying a new pathological role for a known

red cell gene, or presenting as a phenotypically comparable model of a human red cell disease.
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1.4 Introductory figures and tables
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Figure 1.1: The haematopoietic hierarchy

A basic schematic depicting the order of haematopoiesis and the origin of blood cells. The self-renewing
haematopoietic stem cell (HSC) can divide and differentiate into any of the blood cells via restricted
progenitor cells, which each gradually lose their pluripotency as they mature into a specific cell lineage.
The two main arms of haematopoiesis are the myeloid and lymphoid lineages, which emerge from the
common myeloid progenitor (CMP) and common lymphoid progenitor (CLP) respectively. The
megakaryocyte-erythroid progenitor (MEP) is further restricted to the generation of just platelets and red
blood cells, while the granulocyte-macrophage progenitor (GMP) gives rise to the granulocytic

leukocytes.
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Figure 1.2: Cells of the erythroid lineage

Erythropoiesis is the specific pathway that gives rise to mature erythroblasts (RBCs) from the HSC. The
MEP progenitor commits to the erythroid lineage with the formation of blast-forming units (BFU-E) and
colony forming units (CFU-E). The proerythroblast (Pro-B) is the first microscopically recognisable erythroid
cell, and is the first to express the iron receptor marker, CD71. At the basophilic erythroblast (Baso-E)
stage, the surface marker Ter-119 is also detectable. As erythroblasts mature, they become smaller in size
and condense their nucleus, which is ultimately ejected from the cell at the orthochromatic normoblast
(Ortho) stage to increase the cell’'s oxygen-carrying abilities. The reticulocyte (Retic) is the first erythroid cell
visible in circulation, but still carries fragments of RNA. These too are removed from the cell to form the

mature, enucleated RBC.
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Figure 1.3: Primitive versus definitive erythropoiesis

The site of blood cell generation (red highlight) changes throughout embryogenesis, as seen in a
comparison of mouse (A), and human (B) development. Primitive erythropoiesis takes place
exclusively in the yolk sac and blood islands, which forms erythroid-like hermangioblasts from the
mesodermal layer. Definitive erythropoiesis begins with the formation of the aorta-gonad-
mesenephros (AGM), where the first HSCs begin to expand. The foetal liver eventually becomes
the major site of erythroblast expansion and RBC formation, and acts as the primary blood-
supplying organ prior to the formation of the bone marrow. The bone marrow becomes the main site

of blood cell development much earlier in humans than mice, and remains the site of definitive
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Figure 1.4: The acquisition of iron

The main source of the body’s iron comes from the diet, where iron-rich foods (red meat, etc) are
digested in the lumen of the gastrointestinal track. Enterocytes of the duodenum allow the passage of
iron into the bloodstream. Iron enters through the apical membrane via the DMT-1 portal, and pass
out through the basal membrane via ferroportin. Iron must travel through the circulation bound to a

carrier protein, transferrin. Before it can bind to transferrin, the enzyme hephaestin must convert iron

+3
into its ferric (Fe ) form. Enterocytes, and many other cells, can also store iron internally in the form

of ferritin.
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Figure 1.5: The transferrin receptor cycle

Iron is incorporated into cells via receptor-mediated endocytosis. Iron circulates the bloodstream bound to

+3
its carrier protein, transferrin (Tf-Fe ), which binds with high affinity to the transferrin receptor (TfR),
expressed on the surface of iron-absorbing cells (eg: erythroblasts). The Tf-TfR complex is then

endocytosed within a clathrin-coated pit to form an endosome. A drop in pH allows iron to disassociate

from Tf. It is then converted back into its ferrous form (Fe+2) by the enzyme STEAP3, before leaving the
endosome via the DMT-1 portal. Iron can then be utilised in the production of metalloproteins (eg: haem)
or be stored intracellularly as ferritin. The Tf-TfR complex is then recycled back to the cell surface, and
empty (apo-) Tf, for which the receptor has low affinity, detaches from the TfR and returns to the

circulation.
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Figure 1.6: Regulators of iron absorption

Iron metabolism and absorption is a tightly regulated mechanism largely mediated by the actions of the
hormones hepcidin and erythroferrone. During transferrin uptake, iron-bound Tf outcompetes the HFE
molecule for a similar binding position on the transferrin receptor 1 (TfR1) dimer on the surface of iron-
absorbing cells (eg: erythroblasts). The free HFE molecule binds to the TfR2 receptor, found mostly on
the surface of hepatocytes. This triggers the hepatocyte to produce the hormone hepcidin, which is
excreted from the liver and acts on cells that express ferroportin, such as enterocytes and macrophages.
Hepcidin inhibits ferroportin, halting more iron from entering into circulation. When iron stores fall, the
bone marrow is triggered to produce the hormone erythroferrone. Erythroferrone inhibits the function of

hepcidin, reopening ferroportin and allowing iron to enter the bloodstream once more.

40



Cytosol

+2

@Fe

Mitochondria

PBG
'—— HAEM
PROTO IX
URO Il PROTO |||f

COPRO Il

Figure 1.7: The porphyrin biosynthesis pathway

The porphyrin biosynthesis pathway generates haem from porphyrin precursors in the cytosol and
mitochondria of various cell types (erythroblasts, hepatocytes, etc) through a series of linear enzymatic
reactions. Porphyrin precursors (ALA and PBG) are synthesised into porphyrins in a step-wise manner in the

cytosol and subsequently the mitochondria once again. In the final step of the biosynthesis pathway, iron

+2
(Fe ) enters the mitochondria and is incorporated into the last porphyrin to become haem. Haem completes

a feedback loop by directly inhibiting the first enzyme, ALAS.

Abbreviations: ALAD: ALA deaminase; PBGD: PBG deaminase; HMB: hydroxymethylbilane; UROS: uroporphyrinogen
Il synthase; URO |lI: uroporphyrinogen Ill; UROD: uroporphyrinogen decarboxylase; COPRO llI: coproporphyrinogen llI;
CPOX: coproporphyrinogen oxidase; PROTO |lII: protoporphyrinogen Ill; PPOX: protoporphyrinogen oxidase; PROTO

IX: protoporphyrin IX; FECH: ferrochelatase.
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Figure 1.8: Anaerobic glycolysis

The enzymatic reactions of glycolysis take place in the cytosol of all cells and do not require oxygen or
mitochondrial machinery. The outcome of glycolysis is the synthesis of two molecules each of
pyruvate and ATP per molecule of glucose. In the red blood cell, glycolysis is the only metabolic
pathway available for the synthesis of ATP. Mutations that occur in any of the glycolytic enzymes can

result in metabolic diseases, which often present as haemolytic anaemias.

Abbreviations: G6PD: glucose-6-phosphate dehydrogenase; GPI: phosphoglucose isomerase; PFK:
phosphofructose kinase; TPI: triosephosphate isomerase; GAPDH: glyceraldehyde-3-phosphate hydrogenase;

PGK: phosphoglycerate kinase; PGM: phosphoglycerate mutase.
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Figure 1.9: Forward vs. reverse genetics

The two traditional methods of gene studies in model organisms, such as mice, is through forward or
reverse genetics. In forward genetics, the animal is manipulated in a way that will cause a random
genetic mutation, such as by exposure to a chemical agent or radiation, producing a phenotype of
interest. Researchers then endeavour to search the animal's DNA in order to find what genetic
mutation caused that phenotype. In reverse genetics, the DNA is targeted and a gene of interest is
edited, inserted, or deleted. Researchers then observe the animal to see what phenotype develops as

a result of that genetic mutation.
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Table 1.1: The porphyrias

Porphyria Affected enzyme Symptoms Excreted products

ALAD deficiency ALAD Neurovisceral crises OALA

porphyria

Acute intermittent PBGD Neurovisceral crises O0ALA, PBG

porphyria

Congenital erythropoietic UROS Photosensitivity Uro I, Copro |

porphyria

Porphyria cutanea tarda UROD Photosensitivity Uro |, Uro Il

Hereditary CPOX Neurovisceral crises, O0ALA, PBG, Copro lll

coproporphyria photosensitivity

Variegate porphyria PPOX Neurovisceral crises, O0ALA, PBG, Proto Il
photosensitivity

Erythropoietic porphyria FECH Photosensitivity Proto IX, ZnPP

The porphyrias are a collection of inheritable diseases that result from mutations in one of the enzymes of

the haem biosynthesis pathway. Mutations can be autosomal dominant, recessive, or X-linked. While

patient symptoms frequently overlap and are quite heterogenous in appearance and severity, each subset

of porphyria has distinct porphyrin products that accumulate in the urine, faeces, or blood. These

biochemical markers can be quantified and are required in order to provide an accurate diagnosis.

Abbreviations: ALAD: aminolevulinic acid deaminase; OALA: d-aminolevulinic acid; PBGD: PBG

deaminase; PBG: porphobilinogen; UROS: uroporphyrinogen 1l synthase; URO: uroporphyrinogen lll;

UROD: uroporphyrinogen decarboxylase; COPRO: coproporphyrinogen Ill; CPOX: coproporphyrinogen

oxidase; PPOX: protoporphyrinogen oxidase; PROTO: protoporphyrin; FECH: ferrochelatase; ZnPP: zinc

protoporphyrin.
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Table 1.2: The RBC mutants

Mutant Heterozygote Homozygote Gene Chrom Publication
phenotype phenotype reference
RBC1, 4, 5, Microcytosis Lethal (e12.5) Tfrc 16 51, 56;
6, 8, 17 this thesis
RBC2 Microcytosis Lethal (8 weeks) Ank1 8 49
RBC3 Macrocytosis Lethal (e12.5) Scf 10 -
RBC7 Microcytosis Lethal (e12.5) Steap3 1 -
RBC10 Microcytosis Microcytosis Kec1 8 52
RBC12 Microcytosis Lethal (8 days) Dnm?2 9 51, 53
RBC13, 14 Microcytosis Lethal (e18.5) B-globin 7 50
RBC16 Microcytosis Lethal (€9.5) Cpox 16 54, this thesis
RBC19 Macrocytosis Macrocytosis, Tpi1 6 55; this thesis
haemolytic anaemia
RBC21 Microcytosis Lethal (18.5) Tfrc 16 56, this thesis

The RBC mutant mice identified in ENU mutagenesis screens were phenotyped by their red cell mean
corpuscular volume (MCV), which classified them as either microcytic or macrocytic mutant strains.
Dominant mutations were typically embryonic lethal in homozygosity (RBC6, RBC13, RBC16), while others
were autosomal recessive in inheritance and generated a viable homozygous mutant with a more profound
red cell phenotype (RBC19). The genetic mutations responsible for each phenotype were initially identified
using traditional gene mapping and candidate gene sequencing (RBC1-8), gene mapping in combination
with high-throughput sequencing (RBC9-16), and later WES and bioinformatics alone (RBC19 and
RBC21). Many RBC mutants were found to be accurate models of congenital human red cell diseases,
such as hereditary spherocytosis (RBC2), B-thalassemia (RBC13 and RBC14), hereditary coproporphyria

(RBC16), and TPI deficiency (RBC19).
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CHAPTER TWO

Materials and Methods

This chapter outlines the solutions, equipment, materials, and experimental procedures used
throughout this thesis. Note: To avoid repetition, any materials or methods outlined in the

published/submitted articles included in this thesis have been omitted from this chapter.
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2.1 Buffers, solutions, and basic reagents

Buffers, solutions, and reagents used throughout this thesis were all of analytical grade and
purchased from standard distributors, as listed throughout. Solutions are maintained at room

temperature unless stated otherwise.

Agarose gel (0.8%) (electrophoresis): 0.8g agarose boiled in 100mL TAE, with 3uL ethidium
bromide added once cooled.

BSA (1%) solution: 1g Bovine Serum Albumin dissolved gently in 100mL PBS, stored at 4°C.
Buffered saline glucose citrate (BSGC): 7.0g NaCl, 218g KH,PO,, 1.2g Na,HPO,, 2.0g D-
glucose, 4.0g Na3;CgHs0y7, dissolved in 1L dH,O, pH 7.4, stored at 4°C.

cOMPLETE Proteinase inhibitor cocktail (Roche) x50: 1 tablet dissolved in 1mL dH,0, stored at
-20°C. Diluted to x1 in dH,O before use.

DNA ladder (x6): 100uL Lambda DNA/Hindlll marker, 50uL PhiX 174 marker/Haelll, 100uL
Blue/Orange x6 DNA loading dye (Promega, Alexandria, Australia), in 350uL dH,O.

FACS block solution (x50): 1mg/mL IgG from rat serum (Sigma-Aldrich) in PBS. Diluted to x1 in
PBS before use. Stored at 4°C.

FACS buffer: 2% v/v FBS and 0.2% v/v NaN; in PBS, stored at 4°C.

Neomycin-treated acid water: 10mL of 10mg/mL neomycin (in saline) added to 1L acidified H,O,
pH 2.6, using HCI. Stored at 4°C.

Paraformaldehyde (PFA) (4%): 50g paraformaldehyde (Sigma-Aldrich), 200uL of 10M NaOH, in
500mL PBS, pH 7.5, stored at -20°C. Diluted to 2% in PBS before use.

Phosphate buffered saline (PBS): 2.85g NaHPO,.2H,0, 0.625g NaH,P0,4.2H,0, 149 mM NaCl
in 1L dH,0, pH 7.4.

Red cell lysis buffer: 156 mM NH,CI at pH 7.6, stored at 4°C.

Sequencing purification buffer: 2uL of 1M MgSO, dissolved in 3mL Milli-Q H,O and 7mL
ethanol.

Sodium dodecyl sulphate (SDS) (10%) solution: 10g SDS in 100mL dH,O.

Sodium acetate: 3M NaAc, pH 5.2.
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TAE: 40mM Tris and 1TmM EDTA, pH 8.2.

TBS (x10): 0.2M Tris, 1.5M NaCl. Working solution (x1 TBST) was prepared by diluting TBS and
adding 0.05% Tween 20 (Amresco).

Taill/ear clip digestion buffer: 100mM Tris, 200mM NaCl, 5mM EDTA, and 0.2% SDS. 20uL of
20mg/mL Proteinase K (Roche) added prior to use, pH 8.0.

TE buffer: 10mM Tris and 1mM EDTA, pH 8.0.

(Western blot) SLAB buffer (x5): 5mM Tris HCI, 1% SDS, 2% Glycerol, 0.33% f3-
mercaptoethanol and 22.5mg/mL bromophenol blue, pH 6.8. Stored at -20°C. Diluted to x1 in dH,0
before use.

(Western blot) Separating gel: 7.2mL Milli-Q H,0, 3.8mL separating gel buffer (375mM Tris HCI,
pH 8.8, 0.1% SDS), 3.76mL 40% acrylamide, 224uL10% ammonium persulfate (APS), and 10uL of
tetramethylethylenediamine (TEMED) (Sigma-Aldrich). After pouring into the gel cast, a thin layer
of isopropanol (roughly 500uL) was added to remove any air bubbles. Isopropanol was washed
away thoroughly with dH,O once gel was set.

(Western blot) Stacking gel: 2.15mL Milli-Q H,0O, 888uL stacking gel buffer (125mM Tris HCI, pH
6.8, 0.1% SDS), 450uL 40% acrylamide, 35uL 10% APS, and 10uL TEMED. Added to the stacking
gel cast and set with a 1.5mm comb (Bio-Rad, California, USA) to create wells in the gel cast.
Comb was removed once gel was set.

(Western blot) Stripping buffer: 0.1M glycine and 0.05% Tween 20 in TBST, pH 2.25.

(Western blot) NuPAGE™ transfer buffer (x20): 10.2g bicine, 13.1g bis-tris (free base), 0.75g
EDTA in 125mL dH,0O, stored at 4°C. Diluted to x1 in dH,O before use.

(Western blot) NuPAGE™ MOPS SDS running buffer (x20): 104.6g MOPS, 60.0g Tris, 10.0g

SDS, 3.0g EDTA in 500mL dH,0, stored at 4°C. Diluted to x1 in dH,O before use.

2.2 Additional commercial kits

Additional commercially-available kits and reagents used throughout this thesis, which are not
described in the published/submitted papers, are outlined here. Protocols were followed as per the

manufacturer’s instructions.
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Amersham electrogenerated chemiluminescence (ECL) kit: For Western blotting. Available
from GE Healthcare Lifesciences (lllinois, USA). Both reagents in the kit are mixed in a 1:1 solution
immediately prior to use.

BigDyeTM Terminator v3.1 sequencing kit: For sequencing/genotyping. Available from Thermo
Fischer Scientific (Scoresby, Victoria, Australia).

DNeasy Blood and Tissue kit: For DNA extraction of tissues/blood products. Available from
Qiagen (Hilden, Germany). Samples were initially digested overnight in 180uL tail/ear clip digestion
buffer and 20uL Proteinase K at 56°C.

QlAquick gel extraction kit: For gel electrophoresis clean-up of gDNA (see section 2.7).
Available from Qiagen.

RNeasy extraction kit: For RNA extraction of tissues/blood products. Samples were initially
treated with TRIzol (Thermo Fischer Scientific) (see section 2.5) before being transferred to the kit.
Transcription First Strand cDNA synthesis kit: For the synthesis of cDNA from RNA. Available

from Roche (Basel, Switzerland).
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2.3 Antibodies

Table 2.1: Antibodies used for Western blotting

Antibody name Detects Supplier Dilution Band Refer to
used size chapter/
reference
Rabbit anti-mouse CPOX Protein-Tech  1:5000 37kDa  Chapter 3,
Coproporphyrinogen oxidase Ref 54

Polyclonal Antibody

Goat anti-mouse Triosephosphate | TPI Abcam 1:1000- 26kDa  Chapter 4,
isomerase antibody 1:5000 Ref 55
Anti-B-Actin HRP conjugate Actin Thermo 1:5000 42kDa  Chapter 4,
Fischer Ref 55
Anti-GAPDH HRP conjugate GAPDH Thermo 1:1000 36kDa  Chapter 3,
Fischer Ref 54

Table 2.2: Antibodies used for flow cytometry

Antibody name Fluorophore Detects Supplier Dilution Refer to
used chapter/
reference
CD71 FITC Transferrin receptor BD 1:50 Chapter 3-5,
Biosciences Ref 54-56
TER-119 FITC or PE Glycophorin A BD 1:50 Chapter 3-5,
Biosciences Ref 54-56
Thiazole orange FITC dsDNA BD 1ng/mL Chapter 3-5,
(Reticulocytes) Biosciences Ref 54-56
Tf Alexa-Fluor 647 APC Ligand for CD71 Life 5mg/mL  Chapter 5,
Technologies Ref 56

50



Streptavidin

PE

2.4 Experimental animals

Secondary for biotin- BD

conjugated cells Biosciences

Table 2.3: Experimental mouse strains used throughout this study

1:50 Chapter 4,

Ref 55

Strain name Affected gene Source Refer to chapter/
reference
BALB/c Wildtype B1021 Chapter 3, Ref 54
SJL Wildtype WEHI Chapter 4, Ref 55
C57BL/6 Wildtype B1021 Chapter 5, Ref 56
RBC16 Cpox WEHI Mutagenesis screen Chapter 3, Ref 54
RBC19 Tpit WEHI Mutagenesis screen Chapter 4, Ref 55
RBC6 Tfrc WEHI Mutagenesis screen Chapter 5, Ref 56
RBC21 Tfrc WEHI Mutagenesis screen Chapter 5, Ref 56

2.5 Blood and cell preparation techniques

Blood sampling: Small volumes of blood (<10uL) were extracted from tail vein venepuncture.

Mice were briefly placed under a heating lamp (maximum 30 minutes) to dilute blood vessels. Mice

were then secured in a cone and a 23G needle, flushed with BSGC, was used to puncture the tail

vein. Larger volumes of blood (20-50uL) were obtained via submandibular venepuncture with the

mouse secured in a scruff hold. Very large volumes of blood (100-500uL) were obtained from

cardiac puncture performed on euthanised mice (via CO,) using a 23G needle flushed with BSGC.

All blood was collected in EDTA tubes and kept at 4°C.

Bone marrow and organ extraction: Bone marrow was harvested from the femurs of euthanised

adult mice using 23G needles, and flushed with 1mL PBS repeatedly into Eppendorf tubes. Organs
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were partially or wholly dissected from euthanised mice and kept in ice-cold PBS in Eppendorf

tubes or in 10mL polystyrene round-bottom tubes. Samples were kept on ice or stored at 4°C.

Foetal liver cell extraction: Foetal livers were harvested from €14.5 mouse embryos. Embryos
were collected from euthanised female mice and placed into 6-well plates filled with ice-cold PBS.
Foetal livers were extracted from individual embryos and gently homogenised by repeated
pipetting using a 1mL syringe and an 18G drawing needle. Cells were then passaged gently
through a 40um nylon strainer and washed twice in PBS using centrifugation at 300xg for 5

minutes at 4°C.

RNA extraction: RNA was extracted from tissue samples (bone marrow, etc) using the (Thermo
Fischer Scientific) TRIzol method. A known number of homogenised cells were repeatedly pipetted
in 1mL TRIzol (Thermo Fischer Scientific) in Eppendorf tubes to induce lysis. 200uL chloroform
was then added to the sample and allowed to sit for 15 minutes at room temperature. Samples
were then centrifuged at 500xg for 15 minutes to induce phase separation, and the upper aqueous
phase, containing the RNA, was extracted into fresh tubes. RNA samples then underwent a
modified phenol:chloroform cleaning process using the RNeasy extraction kit (see section 2.2).

The final product was eluted into 50-100uL RNase-free H,O and stored at -80°C.

Serum preparation: EDTA-treated whole blood (>50uL) was centrifuged at 10,000 RPM for 15
minutes to separate serum from other blood products. Serum was extracted by pipetting the
acellular upper layer into Eppendorf tubes and frozen at -20°C until use. Serum samples with

evidence of haemolysis were discarded.

Western blot cell preparation: Bone marrow or tissue samples were collected from euthanised
mice (as above) and homogenised in cold PBS using a 40uL nylon strainer to obtain a single-cell
suspension. A maximum of 1x10° cells were washed three times in PBS using centrifugation set to

350xg for 5 minutes at 4°C. Cells were then vortexed and pipetted thoroughly in SLAB buffer (see
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section 2.1). Samples were heated for 5 minutes at 100°C prior to use, or otherwise stored at -

20°C.

2.6 Additional techniques and experimental methods

Additional techniques and methods used throughout this thesis, which are not described in the

published/submitted papers, are outlined here.

Blood film and histology staining: For blood films, a small volume (<10uL) of EDTA-treated
whole blood was smeared onto SuperFrost® microscope slides (Menzel-Glaser, Braunschhweig,
Germany) and air dried. Blood smears were stained with May-Grumwald Giemsa solution, then
cover-slipped using DePex mounting medium. For histology, organs or whole embryos were
harvest from euthanised mice and fixed in 2% PFA for 24 hours. Samples were then transferred to
70% ethanol and underwent sectioning, embedding, and staining by the Monash Histology
Platform (Clayton, Victoria, Australia), where they were stained in Hematoxylin & Eosin (H&E)
solution. Stained slides were then cover-slipped using DePex mounting medium. Blood smears

and histology slides were examined under a light microscope.

Bone marrow and foetal liver transplantations: Live animal transplantations were performed on
adult recipient mice subjected to a single dose of lethal irradiation (950 cGy) using a cesium-137 y-
emitting irradiator (Gamma Cell 40, MSD Nordion, Ontario, Canada). Donor mice (or e14.5
embryos) were euthanised and bone marrow (or foetal liver) was harvested and made into a
single-cell suspension (see section 2.5) under sterile conditions. 1x10° live donor cells, as well as
2x10° supporting spleen cells, were counted, washed, and resuspended in 200yL sterile PBS.
Irradiated recipient mice were held in a cone and injected intravenously via the tail vein with donor
cells using a 0.3mL Ultra-Fine insulin syringe (BD Sciences). Recipient mice were kept on

neomycin-treated acid water for 14 days following transplantation to avoid infections.
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Cell counts: Non-blood cell samples (single cell suspensions of bone marrow, tissue, etc) were
counted using the Muse® Cell Analyzer (Merck), which automatically calculated the viable cell

number from the volume and dilution factor.

Flow cytometry and gating for erythroid cell sub-populations: Flow cytometric protocols were
largely focused on erythroid cell populations using TER-119 and CD71 antibodies (see section
2.3). A known number of cells (1x10° — 5x10°) from single cell suspensions were placed in 5mL
polystyrene round bottom tubes (Falcon) in 100uL PBS. Cells were incubated in FACS blocking
solution for 5 minutes on ice to prevent non-specific antibody binding. The necessary antibodies
were then added and cells were left to incubate in the dark on ice for 30-45 minutes.
Compensation controls were also prepared. Following staining, cells were washed twice by
centrifugation at 500xg for 5 minutes. If a secondary antibody was required (SA), it was added to
the pre-stained cells and left to incubate in the same conditions as stated, then washed twice as
stated. Cells were resuspended in 200uL PBS with 1uL propidium iodide (PI) (Sigma-Aldrich),
added to recognise dead cells. Flow cytometry was performed on the FACSCalibur™ (BD
Sciences) and analysis was conducted using the FlowJo® software (BD Sciences). Erythroid
populations were gated on live (Pl-negative) cells and divided into erythroid subsets as per
Socolovski, 2001%, which distinguishes early erythroblasts (TER-119°CD71"), polychromatic
erythroblast (TER-119"CD71"), orthochromic normoblasts (TER-119"CD71™¢) and mature

erythroid cells (TER-119"CD71"°).

Reticulocyte counts: The percentage of circulating reticulocytes in whole blood samples was
determined by flow cytometry (see above) using the additional stain, Thiazole orange (TO). 1-2uL
of EDTA-treated whole blood was suspended in 90uL PBS and 10uL BSA 1% buffer, and stained
with TER-119 and TO, as per the protocol above. A single-stain sample lacking TO was used as
the 0% control. Stained samples were analysed on the FACSCalibur™, which selected for live
TER-119+ cells. Cells which were deemed TO+ were counted as reticulocytes. The total
percentage of reticulocytes was therefore taken as the fraction of cells deemed TER-119+TO+

divided by the total TER-119+ cells in the sample.
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Real-time quantitative PCR: RT-gPCR was performed on cDNA generated from 1ug RNA
samples using the First Strand cDNA kit (see section 2.2). PCR was performed on the LightCycler®
48011 (Roche) using the SYBR® Green protocol in a 96-well plate. Samples were tested in
duplicate, where each test reaction contained 2uL cDNA, 0.5uL each forward and reverse primers,
and GoTaq® Master Mix (Promega, Wisconsin, USA). Standard curves for each test gene and a
housekeeping gene were also prepared, where duplicate wells containing decreasing
concentrations of wildtype cDNA in nuclease-free water (1:1, 1:5, 1:25, 1:125) were generated, and
added to the PCR reaction mixture. The reaction then underwent a number of cycles, including an
incubation cycle (95°C for 5 minutes), 45-50x amplification cycles (95°C for 10 seconds, 57°C for
10 seconds, 72°C for 10 seconds), and a melting curve (95°C for 10 seconds, 65°C for 10
seconds, 97°C continuously). Analysis was performed using the LightCycler® software (LCS48
1.5.1.62). The quality of the run was determined by the presence of a single peak per gene target,
and also by the linearity of the standard curve. Relative expression of the target gene versus the
housekeeping gene in each sample was then extrapolated from the standard curves and

calculated. See results chapters for more information on individual projects, including primer lists.

Western blotting: To examine protein content in a cell sample, separated by size, Western
blotting was employed. 20uL of cell lysates prepared in SLAB buffer (see section 2.5) were loaded
into the wells of an acrylamide-based gel, made up of a separating and stacking gel (see section
2.1). 15uL of a protein ladder (Precision Plus Protein™ WesternC, Bio-Rad) was also added to one
of the lanes. The loaded gel was then placed in a mini-PROTEAN Tetra Cell tank (Bio-Rad) filled
with running buffer (see section 2.1) and allowed to run for 30 minutes at 80V, then at 130V until
the loading dye had run to the bottom of the gel. The gel-separated proteins were then transferred
onto a polyvinylidene difluoride (PVDF) membrane (GE Healthcare Life Sciences), soaked in
methanol and then washed in transfer buffer (see section 2.1). The gel was clamped firmly to the
PVDF membrane in a transfer cassette and placed in a tank filled with transfer buffer, a magnetic
stirring bead, and an ice block. The transfer was performed at 4°C in a cold room on a magnetic

spinner, at 100V for 2 hours. The membrane was then removed from the transfer tank, washed
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briefly in dH,0, and blocked in 2% skim milk at room temperature for 1 hour. The membrane was
then saturated in the appropriate primary antibody, diluted in 5% BSA (see Table 2.1), overnight at
4°C. The following day, the stained membrane was washed in TBST five times for 5 minutes each.
The membrane was then stained in the appropriate secondary antibody, diluted in 5% skim milk,
for 1 hour at 4°C. Again, the membrane was washed five times in TBST. The stained membrane
was then exposed to 1mL of the combined ECL kit reagents (see section 2.2) for one minute and
dried with tissue before imaging. Imaging of the proteins was performed on the ChemiDoc™ Touch
Imaging System set to chemiluminescence, with exposure times adapted for each protein for
optimal clarity. If stripping was required, the membrane was washed in stripping buffer (see section
2.1) for 10 minutes, washed five times in TBST, then blocked again using 2% skim milk at room
temperature for 1 hour. Antibody staining and imaging processes then proceeded as above. The

densities of imaged bands were analysed using the Image Lab software (Bio-Rad).

2.7 Sequencing and analysis

Laboratory techniques used for next generation sequencing preparation and data processing used
throughout this thesis, which are not described in the published/submitted papers, are outlined

here.

Sample preparation for whole exome sequencing (WES): Genomic DNA for WES was
prepared in each study from the tails of adult mice (RBC16, RBC19) or e14.5 embryos (RBC21)
using the DNeasy extraction kit (see section 2.2). The quantity and quality of the gDNA was tested
using the Nanodrop 1000 photospectrometer (Thermo Fischer), where high quality gDNA was
determined to have an A260/A280 ratio between 1.8 and 2.0 at an absorbance of 260nm. Gel
electrophoresis was also used to ensure gDNA was not degraded (i.e.: a clear band larger than
12kb with no smearing). Two samples of gDNA per mouse strain were then sent to the Australian
Genome Research Facility (AGRF) to undergo WES using the Illlumina Hi-Seq platform. See

results chapters for more information on individual projects.
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Bioinformatics and analysis results: Bioinformatics was performed for each project by AGRF,
which aligned reads obtained from sequencing to the reference sequence of each mouse strain,
based on its genetic background (C57BL/6, BALB/c, or SJL). Possible mutations identified by
incorrect base-pairs within the sequence were flagged for review and further investigated. Only
mutations identified in coding regions or splice sites, and which appeared in both test samples,
were considered. Online genome browsers, such as Ensembl (www.ensembl.org) and the National
Centre for Biotechnology Information (www.ncbi.nlm.nih.gov/genome) were utilised to investigate
the possible function or disease relevance of each candidate gene. Mutations identified within
genes with known erythroid function, or with known human disease relevance, were prioritised and
subjected to Sanger sequencing to confirm the mutation. See results chapters for more information

on individual projects, including sequencing primers.

2.8 Statistical analysis

Unless stated otherwise, all experiments were conducted on at least three animals per genotype,
with a minimum of two independent experiments. Where applicable, results were expressed as the
mean * standard deviation. For the determination of a statistical difference, a two-tailed student’s t-

test was employed, where p<0.05, or as defined in figure legends.
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CHAPTER THREE

A mouse model of hereditary coproporphyria identified in an ENU
mutagenesis screen

The following chapter describes the first complete set of results obtained for this thesis, which have
been published in the form of a research article in a peer-reviewed scientific journal during
enrolment (see Thesis including published works), and recognises the leading author as Ashlee J.
Conway. The hypotheses, aims, and expected outcomes of this thesis are each discussed in this
chapter, and additional content specific to the article (methods, references, etc) are also supplied.

The article has not been altered from its original published format.
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ABSTRACT

A genome-wide ethyl-N-nitrosourea (ENU) mutagenesis screen in
mice was performed to identify novel regulators of erythropoiesis.
Here, we describe a mouse line, RBC16, which harbours a
dominantly inherited mutation in the Cpox gene, responsible for
production of the haem biosynthesis enzyme, coproporphyrinogen Il
oxidase (CPOX). A premature stop codon in place of a tryptophan at
amino acid 373 results in reduced mRNA expression and diminished
protein levels, yielding a microcytic red blood cell phenotype in
heterozygous mice. Urinary and faecal porphyrins in female RBC16
heterozygotes were significantly elevated compared with that of wild-
type littermates, particularly coproporphyrinogen Ill, whereas males
were biochemically normal. Attempts to induce acute porphyric crises
were made using fasting and phenobarbital treatment on females.
While fasting had no biochemical effect on RBC 16 mice, phenobarbital
caused significant elevation of faecal coproporphyrinogen Il in
heterozygous mice. This is the first known investigation of a
mutagenesis mouse model with genetic and biochemical parallels to
hereditary coproporphyria.

KEY WORDS: Ethyl-N-nitrosourea, Hereditary coproporphyria,
CPOX, Anaemia

INTRODUCTION

The porphyrias are a collection of hereditary disorders characterised
by a deficiency in one or more of the enzymes within the haem
biosynthesis pathway (Kauppinen, 2005). Hereditary coproporphyria
(HCP) is an acute hepatic disorder that stems from a dominantly
inherited mutation in the gene encoding the sixth haem enzyme
coproporphyrinogen III oxidase (CPOX) (Siegesmund et al., 2010).
This enzyme is responsible for the conversion of coproporphyrinogen
II into protoporphyrinogen IX in the mitochondria of haem-
synthesising cells. More than 65 mutations within the CPOX gene
have been characterised in humans so far, encompassing missense,
nonsense, frameshift and insertion/deletion mutations, each with
variable penetrance, enzyme functionality and clinical manifestation
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(Bissell and Wang, 2015). Clinically, porphyria usually emerges in
adolescence with acute attacks triggered by factors that activate
hepatic enzymes, such as fasting, alcohol, sulphonamide antibiotics,
and hormones such as progesterone (Bissell and Wang, 2015).
Biochemically, HCP presents with a marked increase in porphyrin
precursors, such as porphobilinogen (PBG), as well as porphyrins,
notably coproporphyrinogen III, which accumulate and are detected
in urine and faeces in high concentrations during episodic attacks, but
can be normal or only marginally elevated during latent periods.
Avoidance of known triggers is so far the only approach to managing
the acute hepatic porphyrias. Symptoms can be alleviated with
substances that inhibit haem biosynthesis, such as glucose loading
(Anderson et al., 2005) or the administration of haem arginate (Besur
etal., 2014). A liver transplant has been shown to be curative in some
subtypes of porphyria (Singal et al., 2014).

Animal models representing the hereditary porphyrias have been
generated for all porphyria subtypes except for HCP and
aminolevulinic acid dehydratase deficiency porphyria (ADP)
(Richard et al., 2008; Homedan et al., 2015; Medlock et al., 2002;
Phillips et al., 2011). These animal models have been vital for the
understanding of mitochondrial biosynthesis pathways and the
development of novel gene replacement therapies. Through an
ethyl-N-nitrosourea (ENU) mutagenesis screen to identify novel
regulators of erythropoiesis, we have generated a novel mouse strain
harbouring a nonsense mutation in Cpox (W373X), resulting in a
microcytic hypochromic red blood cell phenotype. This mouse
strain is the first reported model of hereditary coproporphyria with
parallels to the human condition.

RESULTS

Characterisation of a mouse strain with microcytic anaemia
Using ENU mutagenesis to identify novel genes regulating
erythropoiesis, we identified a mouse line (RBC16) with a
microcytic anaemia (Table 1). Fifty per cent of progeny born
from the founder mouse mated with a wild-type mouse displayed a
reduced mean corpuscular volume (MCV), indicating that the
phenotype was autosomal dominant and fully penetrant. Red cell
distribution width (RDW) was markedly increased in heterozygotes,
while platelet counts and white cell counts were normal. Peripheral
blood smears revealed microcytic hypochromic red cells and
abundant target cells (Fig. 1A). RBC16 heterozygotes (+/M) had
enlarged spleens with increased red pulp (Fig. 1B) and flow analysis
of spleen cells revealed a substantial increase in early erythroblast
expansion (Fig. 1C). No notable pathology was identified in the
liver (data not shown). Increased spleen size suggested the
possibility of haemolysis; however, reticulocyte counts (Table 1)
and red cell half-life (Fig. 1D) were both normal. In addition, whole
blood haem in the red cells of heterozygotes was found to be
significantly reduced (Fig. 1E), while serum ferritin was markedly
elevated (Fig. 1F). RBC16 heterozygous mice therefore presented
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Table 1. Full blood examination of RBC16 mice

Female Male
+/+ +/M +/+ +/M

No. of mice 32 28 21 36
RCC (x10'2/1) 9.93+1.2 10.69+0.8* 10.4+0.5 10.66+1.0
Hb (g/dl) 15.2+1.3 13.7£1.2* 15.3+0.8 13.5+1.4*
HCT (%) 51.945.1 46.8+4.5* 53.9+3.5 46.615.2*
MCV (fl) 51.5+2.8 43.8+2.9* 51.9+2.1 43.8+2.3*
MCH (pg) 15.0+0.6 13.0+0.5* 14.7+0.4 12.7+0.5*
MCHC (g/dl) 29.1+2.2 29.8+2.4 28.5+1.6 28.9+2.0
RDW (%) 19.3+1.3 24.9+1.2* 19.2+1.1 24.6+1.3*
WBC (x10%/) 8.66+2.0 9.79+2.4 8.77+1.4 9.69+3.1
Platelets (x1091) 840+236 907+240 11081167 1036+301
Reticulocytes (%) 3.311.9 2.611.1 3.2+1.6 3.611.2

Blood parameters obtained from 7-week-old wild-type (+/+) and RBC16
heterozygous (+/M) mice. All values are meansts.d. Two-tailed Student's t-test:
*P<0.05 compares wild-type values to heterozygotes of the same gender.

with microcytic anaemia more suggestive of a defect in haem iron
than globin chain synthesis.

RBC16 mice have a mutation of the haem biosynthetic
pathway gene Cpox
The ENU-induced mutation was mapped by crossing RBC1
mice (C57BL/6 background) with wild-type Balb/c mice as
previously described (Brown et al.,, 2013). Genome-wide and
fine-mapping of single nucleotide polymorphisms (SNPs) was
performed on animals displaying low MCV, which localised the
mutation to a region lying between 56.46 Mb and 60.98 Mb on
chromosome 16 (Fig. 2A). Custom genome capture of the 3.43 Mb
genomic interval was combined with massively parallel sequencing
of DNA from a RBC16"™ mouse (based on low MCV) using the
Ilumina HiSeq platform. This identified a G to A substitution at
position ¢.1118 in exon 5 of Cpox (NM_007757.2), predicted to
produce an immediate stop codon in place of a highly-conserved
tryptophan at amino acid 373 (W373X) (Fig. 2B). Sanger
sequencing of genomic DNA extracted from multiple presumed
heterozygotes, identified by low MCV, confirmed this mutation.
Sanger sequencing of cDNA, generated from the bone marrow of
Cpox®'180G>A heterozygotes (denoted as Cpox*"373X hereafter),
did not detect the nucleotide substitution (Fig. 2B), suggesting that
the truncated transcript had undergone degradation. In addition,
quantitative real-time (Q)PCR demonstrated a 50% reduction in
Cpox mRNA expression (Fig. 2C), and western blotting of liver
lysates confirmed a similar loss of total CPOX protein (Fig. 2D).
Overall, the absence of detectable mRNA and 50% reduction in
protein suggested the W373X mutation was a functional null allele.
Intercrossing of heterozygous Cpox™"37*X mice did not yield a third
phenotype in adult progeny, suggesting embryonic lethality of
homozygotes. Genotyping of embryos showed that homozygous
mutants did not survive beyond embryonic day (E) 9.5 (Table 2).
Microscopic examination of E9.5 homozygous embryos showed severe
developmental delays, including underdeveloped phalangeal arch
structures, lack of prominent forelimb bud, and an open rostral neural
tube (Fig. 2E). A vascularised yolk sac was visible in the homozygotes
with evidence of blood cell formation, suggesting that homozygous
mutants did not die as a result of an inability to produce blood.

6+/M

Cpox*W373X mice display a mild hereditary coproporphyria
phenotype

The hallmark biochemical feature of HCP is elevated porphyrins,
notably coproporphyrinogen III and uroporphyrinogen, in the urine
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and faeces of affected individuals. Analysis of Cpox*"373X female
mice, using HPLC, revealed a three- to four-fold increase in
porphyrins, particularly coproporphyrinogen III, in the urine
(Fig. 3A) and faeces (Fig. 3B) in comparison to wild-type mice.
Male heterozygotes, however, did not show elevated porphyrins,
and were subsequently excluded from further tests. In the faeces,
the ratio of the two coproporphyrinogen isomers (CIII:CI) was
significantly elevated in female heterozygotes (Fig. 3C), which is
highly specific for the diagnosis of HCP (Allen et al., 2005).
Despite elevated levels of porphyrins, urinary porphobilinogen
(PBG) was normal in female Cpox™"373X mice (Fig. 3D),
suggesting a dormant HCP phenotype. Thus, the Cpox™"373X
mouse strain had some, but not all, of the biochemical features of
hereditary coproporphyria.

Fasting does not induce crisis

In patients with porphyria, fasting can trigger an acute crisis by
activation of hepatic enzymes. In particular, the activity of the
enzyme aminolevulinic acid synthase (ALAS-1) is believed to be a
crucial driver of clinical crises by supplying haem-synthesising cells
with the rate-limiting porphyrin precursor, 5-aminolevulinic acid
(ALA) (Handschin et al., 2005). To determine if fasting increases
porphyrin production and induces clinical crises in Cpox*"373%
mice, females were fasted for 15h on two consecutive days
and urine was collected. Despite fasting, mice remained
clinically well and urinary porphyrins (uroporphyrinogen and
coproporphyrinogen III) did not significantly increase (Fig. 4A). In
the faeces, the CIIL:CI ratio also remained unchanged (Fig. 4B).
There was a three-fold increase in the porphyrin precursor, PBG,
in the urine but this was observed equally in wild-type and
Cpox"373X mice (Fig. 4C). To understand why fasting did not
increase porphyrins, liver mRNA transcription levels of Alasl
and Cpox were analysed via quantitative real-time (Q)PCR. As
expected, fasting induced a three- to four-fold increase in Alas/
expression in both wild-type and Cpox™"373X mice (Fig. 4D). Cpox
mRNA levels also increased proportionally, with fasting levels in
Cpox"373X mice remaining approximately half that of wild-type
mice (Fig. 4E). Thus, fasting did not induce the clinical or
biochemical changes of a porphyric crisis.

Phenobarbital elevates faecal coproporphyrinogen lil

in Cpox*W373X mijce

Phenobarbital is a potent porphyrinogenic agent and common crisis
stimulant, used in experimental animal models to induce acute
porphyric attacks in various porphyria subtypes (Lindberg et al.,
1996; Yasuda et al., 2014). Therefore, to induce the maximum
porphyric stress, female Cpox"373% mice and age-matched wild-
type females were treated daily with phenobarbital for 4 days,
followed by analysis of urinary and faecal porphyrins. Faecal
coproporphyrinogen III levels in the faeces were significantly
elevated in heterozygous Cpox™"373X mice following exposure to
phenobarbital (Fig. 5A), accompanied by a significant elevation
in the CIIL:CI ratio (Fig. 5B). However, urinary porphyrins were
not significantly increased above baseline levels following
phenobarbital treatment (Fig. 5C). Urinary PBG showed an
identical three-fold increase in both wild-type and Cpox™"373%
mice (Fig. 5D). Phenobarbital had a different effect on induction of
Alas] and Cpox mRNA compared with fasting, with a more potent
activation of liver mRNA expression of Alas! (10- to 20-fold) than
Cpox (two-fold) (Fig. 5E.F). In summary, the more potent
induction of Alasl by phenobarbital was able to increase faecal
coproporphyrin III in Cpox™"373¥ mice.
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Fig. 1. Phenotype of the RBC16 mouse mutant. (A) Peripheral blood smears of 7-week-old wild-type (WT) and RBC16 heterozygous (+/M) mice show
microcytic hypochromic red cells and prominent target cells. (B) H&E staining of sectioned spleens harvested from 4-month-old wild-type and heterozygous mice
at both low (x40) and high (x200) magnification. (C) FACS plot of spleen cells stained with Ter-119 and CD71. Gated Ter-119* CD71" cells reveal a
significant increase in early erythroblast (E.i) populations in the mutant. (D) Red cell half-life measured in vivo using biotinylation; n=4. Whole blood haem (E) and
serum ferritin (F) quantification. Values are meanzs.d; n=4. *P<0.05, **P<0.01.

DISCUSSION hepatic porphyrias (Kauppinen, 2005). Using ENU mutagenesis,
The prosthetic haem molecule is a vital component of haemoglobin, ~ we have generated a novel mouse mutant, Cpox™"373X harbouring
myoglobin and cytochromes. Haem is synthesised largely in the a base-pair mutation in Cpox that results in a premature stop codon
bone marrow, but also in hepatocytes and other cells, through a in place of a tryptophan at amino acid 373 of exon 5. cDNA analysis
series of linear irreversible enzymatic reactions that occur in and mRNA expression levels suggest this mutation likely results in
the cytosol and mitochondria. Coproporphyrinogen III oxidase the degradation of the truncated transcript, therefore reducing the
(CPOX) is the sixth enzyme in the haem biosynthesis pathway, total CPOX protein by 50% in the heterozygote. Anaemia manifests
responsible for the conversion of coproporphyrinogen III into due to insufficient haem availability, while porphyrins, such as
protoporphyrinogen IX. Mutations that aberrantly affect the uroporphyrinogen and coproporphyrinogen III, are excreted in the
function or production of this enzyme result in the manifestation urine and faeces in excess because of a blockage in the haem
of the disease hereditary coproporphyria (HCP), one of the acute  biosynthesis pathway. The Cpox™"373% mouse presents with
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Fig. 2. Characterisation of the W373X mutation. (A) Fine SNP mapping of 40 mice at 15 SNP markers localised the RBC16 mutation between 56.46 Mb
and 60.98 Mb on chromosome 16. Light grey indicates homozygous for Balb/c; dark grey indicates heterozygous for Balb/c and C57BL/6. (B) Sanger sequencing
of heterozygous RBC16 gDNA shows the G—A substitution in Cpox (arrowhead), whereas in heterozygous cDNA, only the wild-type sequence is visible.

(C) Quantitative RT-PCR for Cpox mRNA expression in the liver. Values are meanzs.d., n=4; **P<0.005. (D) Western blot of the CPOX protein from liver lysates of
WT and +/W373X mice. (E) Wild-type (WT) and homozygous (W373X/W373X) embryo littermates dissected at day 9.5, showing yolk sac (top) and whole

embryo formation (bottom).

biochemical abnormalities that are specific for the diagnosis of
HCP, including an increase in the ratio of coproporphyrin III:I
isomers, but does not display an increase in early porphyrin

precursors, namely PBG. This suggests that Cpox™"373X mice
display a latent porphyric phenotype. Interestingly, these

play porphy p typ gly.
+/W373X

biochemical changes were only witnessed in female Cpox
mice, which excrete far more porphyrins than age-matched males
with an identical mutation. This disparity mimics what is observed
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clinically in many porphyrias, where female patients often endure
acute attacks more frequently and with greater severity than males
with the same mutation due to the periodic flux of progesterone
levels (Andersson et al., 2003).

Fasting is known to be capable of precipitating symptoms of acute
crises in porphyria as a result of the direct activation of ALAS-1
(Handschin et al., 2005). After two consecutive bouts of overnight
fasting, Cpox™"373% female mice did not show any signs of a

(%]
S
oA
c
©
<
O
]
=
]
A
)
o
o
=
)
(%]
©
Q
oA
(]




RESEARCH ARTICLE

Disease Models & Mechanisms (2017) 10, 1005-1013 doi:10.1242/dmm.029116

Table 2. Timed pregnancy data of RBC16 mice

++ +M M/M

E8.5 3 (20%) 7 (46.7%) 5 (33.3%)
E9.5 8 (21%) 25 (65.8%) 5 (13.2%)
E10.5 5 (31.3%) 11 (68.8%) 0 (0%)
E115 5 (35.7%) 9 (64.3%) 0 (0%)

Timed pregnancies of RBC16 heterozygous intercrosses showing number of
progeny generated and percentage per genotype at each embryonic day
examined. No viable homozygous fetuses (M/M) were found beyond day E9.5,
indicating that homozygosity of the RBC16 mutation was lethal.

clinical crisis, and biochemical analysis of porphyrins and
porphyrin precursors showed no significant changes. The mRNA
expression levels of Alas/ and Cpox appear central to this
observation. Fasting induced an expected increase in Alasl
expression, which provides more rate-limiting porphyrin precursor
(ALA) to haem-synthesising cells. At the same time, there was
a proportional increase in Cpox mRNA. Working under the
hypothesis that the W373X mutation does not generate a

Urinary porphyrins
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functional mutant protein, the increase in wild-type CPOX
enzyme, matching increased ALA availability, is likely to have
inhibited a subsequent build-up of porphyrins and prevented an
acute crisis from developing in Cpox™"373X mice. An increase in
CPOX enzyme activity may also have contributed to these findings,
which remains to be determined. Phenobarbital was used as a more
acute porphyrinogenic agent and was able to precipitate some, but
not all, biochemical signs of a porphyric crisis. Following 4 days
of increasing doses of phenobarbital, the level of faecal
coproporphyrinogen III was significantly elevated, along with a
further increase in the CIII:CI ratio. In the urine, the change in
porphyrins was less notable, and PBG remained normal. On a
molecular level, we once again observed how changes in Alas] and
Cpox transcription could have influenced these observations.
Alas] mRNA expression was dramatically amplified following
phenobarbital treatment — 10- to 20-fold greater than pre-treated
levels — while Cpox mRNA transcription saw only a two-fold
increase. This disproportionate production of the ALA precursor,
met by insufficient CPOX enzyme, is likely to be linked to the

Fig. 3. Porphyrin studies in Cpox*"373X mice.

(A) Baseline urinary and (B) faecal porphyrins of
5-month-old RBC16 wild-type (WT) and heterozygous
(+/W373X) mice of each gender. ‘Other’ represents
porphyrins too low in concentration to accurately
distinguish. (C) Isomer ratio of faecal coproporphyrin Il to
I (CllI:Cl) and (D) baseline urinary PBG levels measured

Uro in female wild-type (WT) and heterozygous (+/W373X)
B Copro Il mice. Values are meants.d.; n=3. **P<0.01, **P<0.001,
n.s., not significant.
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Fig. 4. Effects of fasting on female Cpox*'"373Xmice. (A) Urinary porphyrins of 4-month-old RBC16 wild-type (WT) and heterozygous (+/W373X) female mice
measured before and after (+fast) fasting period. (B) Isomer ratio of faecal coproporphyrin Ill to | (ClII:Cl) measured before and after (+fast) fasting period.

(C) Urinary PBG quantification before and after (+fast) fasting period. (D) Quantitative RT-PCR for Alas-7 and (E) Cpox mRNA expression in the liver before and
after (+fast) fasting period. Values are meanzs.d.; n=3 for A-C and n=4 for D,E. *P<0.05, **P<0.01, ***P<0.001, n.s., not significant.

excessive build-up of faecal coproporphyrinogen III witnessed in
Cpox™"373% female mice. The minimal effect of phenobarbital
treatment on urinary porphyrins is still under investigation. The
Cpox™"373X mouse strain is therefore susceptible to some, but not
all, porphyrinogenic triggers, the outcome of which appears to be
linked to ALAS-1 activity.

The haematological abnormalities present in the Cpox
mouse strain represents an unexpected phenotype that is not
typically identified in HCP. Haem deficiency was evident in the
Cpox™"373X mice. This is known to suppress globin synthesis
(Tolascon et al., 2009), resulting in microcytic red cells that lack
sufficient haemoglobin, while splenomegaly is induced as a
compensatory mechanism of extramedullary erythropoiesis. The
additional increase in serum ferritin levels in heterozygotes

+/W373X
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represents a defect in iron-to-haem loading that requires further
investigation. As ENU mutagenesis results in many mutations in
experimental animals (Hitotsumachi et al., 1985), it is possible that
additional genetic loci are responsible for the haematological
phenotype witnessed in the Cpox™"373X mouse strain. This could
be further investigated by crossing the Cpox™"?73X mouse onto
multiple genetic backgrounds, to determine whether the red cell
phenotype, as well as its responsiveness to porphyrinogenic
triggers, is genetically transferable. With regards to the embryo
lethality observed in homozygous Cpox"?73%"373X mutants, while
red blood cells were visible in the yolk sac, it is likely that they are
functionally deficient, although this may be adjacent to the gross
developmental irregularities seen in day 9.5 homozygotes.
Embryonic growth retardation, including limb and cranial
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Fig. 5. Effects of phenobarbital treatment on female Cpox*"373X mice. (A) Faecal porphyrins of 4-month-old wild-type (WT) and heterozygous (+/W373X)
female mice measured before and after (+Pb) phenobarbital treatment. ‘Other’ represents porphyrins too low in concentration to accurately distinguish. (B) Isomer
ratio of faecal coproporphyrin Ill to | (ClII:Cl) measured before and after (+Pb) phenobarbital. (C) Urinary porphyrins of wild-type (WT) and heterozygous
(+/W373X) female mice measured before and after (+Pb) phenobarbital treatment. (D) Urinary PBG quantification of wild-type (WT) and heterozygous (+/W373X)
female mice measured before and after (+Pb) phenobarbital treatment. (E) Quantitative RT-PCR for Alas7 and (F) Cpox mRNA expression in the liver before and
after (+Pb) phenobarbital treatment. Values are meanzs.d.; n=3 for A-C and n=4 for D,E. *P<0.05, **P<0.01, ***P<0.001, n.s., not significant.

abnormalities, has been observed in murine models with haem iron
defects that diminish the free haem pool (Keel et al., 2008). This
suggests that haem plays a non-erythropoietic role in
embryogenesis, which may contribute to the developmental
abnormalities and lethality observed in Cpox"373¥"373X embryos.
It also interesting to note that the Cpox™"373X mouse does not
present with a hereditary cataract phenotype, in comparison to the
established Nakano mouse model, which harbours a missense
mutation in Cpox with autosomal recessive inheritance and presents
with increased accumulation of coproporphyrinogen III in the lenses
of homozygous mice (Nakano et al., 1960). While the underlying
mechanism defining porphyrins and lens pathology remains
unknown in this model, it again suggests that haem plays a

variety of roles in physiological development that are yet to be fully
determined.

The heterogeneity of HCP in humans and lack of a genotype-
phenotype relationship is still a major barrier in predicting patient
symptoms and disease severity (Lamoril et al., 2001). This makes
the establishment of animal models of HCP difficult, but necessary.
Here, we report the first murine model of hereditary coproporphyria,
the Cpox™"373% mouse strain, with biochemical parallels to the
human disease and a haematopoietic phenotype. This mutant
model would be beneficial in studies of the molecular basis of
porphyrinogenic triggers and haem biosynthesis, and also for the
testing of future treatment options to improve the clinical
management of the acute hepatic porphyrias.
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MATERIALS AND METHODS

Mice

A Gl pedigree (RBC16; Cpox"V373X) displaying microcytosis was
identified in an ENU mutagenesis screen as described previously (Brown
etal., 2013). Cpox*™373X mice were genotyped by PCR amplification of the
region spanning the W373X mutation using genomic DNA and the primers:
For (5’-TTC TCT GCT GCC CGT TCT AGG T-3’) and Rev (5'-CAG GGG
TTG TGC ATA AGA GGT C-3'); followed by sequencing using the Big
Dye Terminator reagents to identify the point mutation. All animal
experiments were approved by the Animal Ethics Committee of the
Alfred Medical and Research Education Precinct and Monash University.

Gene mapping and next-generation sequencing

Gene mapping, massively parallel sequencing, and bioinformatics of
RBC16 was performed by the Australian Genome Research Facility.
Mapping was performed by outcrossing affected heterozygotes with wild-
type Balb/c mice. Tail genomic DNA of G2 and subsequent generations
were subjected to simple sequence length polymorphism (SSLP)-based
genome-wide scanning and SNP fine-mapping. The candidate interval was
refined to 56.46-60.98 Mb on chromosome 16. A genomic custom capture
array was generated by Roche-NimbleGen to preferentially enrich for the
genomic sequence within this range. Genomic DNA was extracted from a
liver sample harvested from a presumed RBC16 heterozygote, phenotyped
based on low MCV and low MCH on full blood count. Massively parallel
sequencing was performed using the [llumina HiSeq platform and assembly
ofreads to the NCBI37/mm9 C57BL/6 reference sequence, which identified
a G-to-A point mutation at position c.1118 of Cpox (NM_007757.2)
resulting in a tryptophan to stop codon substitution at amino acid 373.

Whole blood analysis

Blood was extracted from mice via submandibular vein bleeds and stored in
EDTA tubes. Full blood examination was performed on an automated
Hemavet (Drew) blood analyser. Whole blood haem was quantified using
the BioAssay QuantiChrom Haem Assay Kit performed in a 96-well plate
and read on a Multiskan GO (Thermo Fisher Scientific) plate reader. Serum
ferritin was measured by the Mouse Ferritin ELISA Kit (Abcam) performed
in a 96-well plate and read on a Multiskan GO (Thermo Fisher Scientific)
plate reader.

Real-time Q-PCR

Total RNA was extracted from liver using TRIzol (Invitrogen) according to
the manufacturer’s instructions, followed by cDNA amplification of 1 ug
total RNA using the Reverse Transcription Kit (Promega). Q-PCR was
performed on a LightCycler 48011 (Roche Diagnostics) using the GoTaq
qPCR Master Mix (Promega). Expression of genes was normalised to
B-actin and data are presented as relative expression compared with the wild-
type controls. Gene-specific primers were as follows: Cpox, For: 5'-CGG
AGG ACA TGA AGA CCA AGA T-3' and Rev: 5'-TGA TGC CAC CTC
CTC CTT CT-3’; Alas1, For: 5’-TCT TCC GCA AGG CCA GTC T-3' and
Rev: 5'-TGG GCT TGA GCA GCC TCT T-3'.

Porphyrin and PBG quantification

Mice were housed in individual metabolic cages for the collection of urine
and faeces. At least 1 ml urine and 0.5 g faeces was collected from each
animal and frozen prior to testing. Urinary porphyrins were measured by a
modification of the method of Lim and Peters (1984). Urine (750 ul) was
acidified with 50 ul of a solution containing the internal standard
deuteroporphyrin. Samples were then vortex mixed, filtered and 60 pl was
injected onto a Waters octadecyl reverse-phase column. The samples were
run on an Agilent 1200 HPLC system using gradient elution with
fluorimetric detection. All porphyrin fraction peaks eluted within 12 min
and the total amount was calculated against a six-peak porphyrin calibration
standard obtained from Frontier Scientific (Utah, USA). Faecal porphyrins
were measured by a modification of the method of Lockwood et al. (1985).
A small sample of faeces was homogenised in concentrated HCI and then
extracted with ether to remove interfering coloured compounds. On addition
of water, carotenoid and chlorophyll derivatives and other coloured
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compounds move into the ether phase leaving the porphyrins in the acid
aqueous phase. The aqueous phase was then scanned on a Varian Cary
Spectrophotometer between 350 and 450nm and the porphyrin
concentration of the extract is proportional to the height of the Soret peak
which, along with the percentage dry weight of the faeces, was used to
calculate the amount of total faecal porphyrin present. PBG was measured as
per Blake et al. (1992), where an anion exchange resin was used for the
clean-up of urine specimens, followed by the addition of Ehrlich’s reagent
prior to spectrophotometric absorbance measurement at 553 nm.

Red cell half-life

Red cell half-life was studied in vivo using EZ-Link NHS-Biotin (Thermo
Fisher Scientific). Mice were injected intravenously with biotin diluted in a
10% DMSO/90% saline solution at a concentration of 30 mg/kg body
weight. Tail bleeds were performed on subsequent days and analysed by
flow cytometry. 1-2ul of blood was stained with FITC-Terl19 and
Streptavidin-PE, and the percentage of biotin-positive cells was calculated
as a fraction of the total biotin-positive cells on day 1. All antibodies were
purchased from BD Sciences and flow cytometry was performed on
FACSCalibur (BD Sciences).

Phenobarbital treatment

Phenobarbital methods were adapted from Johansson et al. (2003). Female
mice underwent overnight fasting prior to treatment for 15 h, followed by
four daily intraperitoneal injections of phenobarbital (in the form of
phenobarbitone) (Aspen Pharma) at increasing concentrations (75, 80, 85,
90 mg/kg body weight). Mice were housed in metabolic cages during
treatment for urine and faeces collection, and were sacrificed 4 h after the
last dose on day 4 for RNA extraction.

Statistical analysis

Where applicable, results are expressed as mean=s.d. For statistical analysis,
a two-tailed Student’s f-test was employed, unless stated otherwise;
*P<0.05, or as defined in the figure legends.
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CHAPTER FOUR

Bone marrow transplantation corrects haemolytic anaemia in a novel
ENU mutagenesis mouse model of TPI deficiency

The following chapter describes the second (of three) complete set of results obtained for this
thesis, which were submitted in the form of a research article in a peer-reviewed scientific
journal during enrolment (see Thesis including published works), and recognises the leading
author as Ashlee J. Conway. The hypotheses, aims, and expected outcomes of this thesis are
each discussed in this chapter, and additional content specific to the article (methods,
references, etc) are also supplied. Since thesis submission to examiners, the article has been
published in a peer-reviewed journal, and has therefore been collated in this thesis in its

published format.
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Bone marrow transplantation corrects haemolytic anaemia in a
novel ENU mutagenesis mouse model of TPI deficiency
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ABSTRACT

In this study, we performed a genome-wide N-ethyl-N-nitrosourea
(ENU) mutagenesis screen in mice to identify novel genes or alleles that
regulate erythropoiesis. Here, we describe a recessive mouse strain,
called RBC19, harbouring a point mutation within the housekeeping
gene, Tpi1, which encodes the glycolysis enzyme, triosephosphate
isomerase (TPI). A serine in place of a phenylalanine at amino acid 57
severely diminishes enzyme activity in red blood cells and other tissues,
resulting in a macrocytic haemolytic phenotype in homozygous mice,
which closely resembles human TPI deficiency. A rescue study was
performed using bone marrow transplantation of wild-type donor cells,
which restored all haematological parameters and increased red blood
cell enzyme function to wild-type levels after 7 weeks. This is the first
study performed in a mammalian model of TPl deficiency,
demonstrating that the haematological phenotype can be rescued.

KEY WORDS: Erythropoiesis, N-ethyl-N-nitrosourea, Anaemia,
TPI deficiency, Transplantation

INTRODUCTION

Triosephosphate isomerase (TPI, or TIM) is an anaerobic
glycolysis enzyme encoded by the 7PI/ gene at chromosomal
position 12p13 in humans (Ralser et al., 2008). It is responsible for
the reversible conversion of dihydroxyacetone phosphate (DHAP)
to D-glyceraldehyde 3-phosphate (GAP) and is ubiquitously
expressed in all cells (Orosz et al., 2009; Orosz et al., 2006).
Homozygous or compound heterozygous mutations within the 7P//
gene result in the rare enzymopathy, TPI deficiency, which presents
clinically with chronic haemolytic anaemia, cardiomyopathy,
increased susceptibility to infections, neurodegeneration and death
in early childhood (Sarper et al., 2013; Rosa et al., 1985; Fermo et al.,
2010). Of the various glycolytic enzymopathies, TPI deficiency is
considered the most severe in clinical presentation.

Of the ~13 pathological TP/I mutations identified in humans so
far, the Glul04Asp substitution has been the most commonly
identified variant, believed to be responsible for up to 80% of all
reported cases of TPI deficiency (Arya et al., 1997; Schneider and
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Cohen-Solal, 1996). This mutation is believed to cause impaired
dimerisation of the enzyme, which is crucial for its catalytic activity,
while other variants can also impair substrate binding to the active site
(Ralser et al., 2006; Mainfroid et al., 1996; Oliver and Timson, 2017).
Heterozygous carriers appear asymptomatic and maintain at least
50% TPI activity in all cells, while the loss of enzyme function in the
erythrocytes, platelets or lymphocytes of homozygotes is more
profound and ranges between zero and 30% of that of normal activity
(Valentin et al., 2000; Hollan et al., 1993). Congenital mutations
within glycolytic enzymes, such as TPI, have a particularly
detrimental effect on the lifespan and function of red blood cells,
which rely exclusively on anaerobic glycolysis for ATP production
(Van Wijk and van Solinge, 2005; McMullin, 1999). Nonspherical
haemolytic anaemia therefore manifests in all patients with TPI
deficiency as a result of rapid red blood cell exhaustion and turnover,
and poses a significant burden to health (Clay et al., 1982). Currently,
no treatment is available nor has been trialled for TPI deficiency,
likely owing to its rarity and fast mortality.

Models resembling TPI deficiency in experimental animals
have been established previously. The TPI“e«*ill (sok; Tpis¢k-!)
Drosophila, generated through ethyl methanesulfonate (EMS)
mutagenesis, demonstrated reduced enzyme function and central
brain pathology contributing to locomotive degeneration; a phenotype
vaguely analogous to the neurodegenerative traits of human TPI
deficiency (Palladino et al., 2002; Celotto et al., 2006). In a
mammalian system, the Tpi“”®N* chemical mutagenesis mutant
was the first viable homozygous mouse model, which presented with
reduced enzyme activity in multiple tissues and evidence of haemolytic
anaemia (Pretsch, 2009). While rescue studies in the sgk mutant were
partially successful in restoring fly lifespan, locomotion and glycolytic
output (Hrizo and Palladino, 2010), attempts to rescue the
haematological phenotype in a mammalian model have not yet
been trialled. Here, we describe a novel homozygous mouse model
of TPI deficiency, called RBC19, which was generated in a genome-
wide N-ethyl-N-nitrosourea (ENU) mutagenesis screen for defects in
erythropoiesis. Whole-exome sequencing (WES) identified a missense
mutation resulting in a phenylalanine-to-serine substitution at amino
acid 57 of exon 1 (F57S). RBC19 homozygotes were viable and fertile,
and presented with a macrocytic haemolytic anaemia, which closely
paralleled the human disease. A bone marrow transplant was
performed using wild-type donor cells to correct the haemolytic
phenotype in RBC19 mice, restoring all red blood cell parameters
and erythrocyte glycolytic function. This investigation represents
the first rescue study of TPI deficiency in a mammalian model.

RESULTS

Characterisation of a homozygous mouse strain with
macrocytic haemolytic anaemia

In an ENU mutagenesis screen designed to identify novel genes
or alleles regulating erythropoiesis, we identified a mouse with
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macrocytic red blood cells, named RBC19. When crossed with
wild-type (SJL) mice, ~50% of progeny displayed macrocytosis
and increased reticulocytes, indicating that the phenotype was fully
penetrant. Mating two macrocytic mutants generated a third cohort
of progeny at a ratio of ~25% (data not shown). This presumed
homozygous (m/m) population had more profound macrocytosis, a
reduced red blood cell count and elevated reticulocytes (14.6%),
compared with the heterozygous mice (Table 1). White blood cell
and platelet indices were normal in all cohorts.

Peripheral blood smears of RBC19 homozygotes (m/m) revealed
a homogenous population of macrocytic red blood cells with mild
pallor but normal shape (Fig. 1A). Significant polychromasia was
visible in the blood smear, consistent with the elevated reticulocyte
numbers. Increased spleen size was seen in homozygous, but not
heterozygous, mice (Fig. 1B). Flow cytometric analysis of spleen
cells identified a marked expansion of early Ter-119* CD71M
(Ly76" Tfrch; hi, high) erythroblasts in the homozygous cohort,
consistent with stress erythropoiesis (Fig. 1C). Histological sections
of spleens revealed a dense, crowded red pulp packed with
proliferating erythroid precursors (Fig. 1D). Biotinylation was
employed to measure in vivo red blood cell half-life, as previously
described (Conway et al., 2017), which demonstrated a significantly
reduced half-life of RBC19 homozygous red blood cells (8 days),
compared with wild-type red blood cells (17 days) (Fig. 1E). Total
serum Dbilirubin was also markedly elevated in homozygotes
compared with wild-type controls, but normal in the
heterozygotes (Fig. 1F). Taken together, the results indicated that
the RBC19 homozygous mutant mouse presented with a macrocytic
red blood cell phenotype, with evidence of haemolytic anaemia.

RBC19 mice harbour a missense mutation in the glycolysis
enzyme gene, Tpi1

The ENU-induced mutation was identified using WES, as previously
described (Brown et al., 2013). Two samples of genomic DNA
extracted from presumed RBC19 homozygotes, based on high mean
corpuscular volume (MCV), were subjected to massively paralleled
sequencing using the Illumina HiSeq platform. Reads were
assembled against the SJL genomic sequence and subsequent
bioinformatics identified a T—C base-pair mutation at position
c170 in the first exon of Tpil. This resulted in a predicted
phenylalanine-to-serine substitution at amino acid 57 (F57S).

Table 1. Full blood examination of the RBC19 mutant mouse strain

SJL +/m m/m

n=18 n=14 n=24
RCC (x10"2/1) 9.68+1.0 9.45+1.3 7.12+0.3*
Hb (g/dl) 13.7£1.0 13.5%1.3 12.5+0.9
HCT (%) 49.0+4.9 46.6+4.7 38.3£1.8*
MCV (fl) 46.1+2.1 50.8+1.8* 53.8+0.9*
MCH (pg) 14.0+0.8 14.5+0.7 16.2+0.8*
MCHC (g/dl) 32.8+2.5 30.1£1.2 29.7£1.0
RDW (%) 19.6+1.5 19.1£1.5 18.7+1.3
WBC (x109/1) 9.32+1.1 8.32+2.5 9.77+3.4
Platelets (x109/1) 13324489 11284250 1360+£186
MPV (fl) 5.8+0.2 5.840.3 6.3+0.35
Reticulocytes (%) 5.0%+2.2 10.242.7* 14.6%+1.9*

Blood parameters obtained from 7-week-old wild-type (SJL), heterozygous
(+/m) and homozygous (m/m) RBC19 mice. Data are meanzs.d. Two-tailed
Student’s t-test was used for statistical analysis; *P<0.05 compared with
wild type. Hb, haemoglobin; HCT, haematocrit; MCH, mean corpuscular
haemoglobin; MCHC, mean corpuscular haemoglobin concentration; MCV,
mean corpuscular volume; MPV, mean platelet volume; RCC, red blood cell
count; RDW, red blood cell distribution width; WBC, white blood cell count.

Sanger sequencing of complementary DNA (cDNA) generated
from the bone marrow of RBC19 homozygous mice (herein referred
to as Tpil">7¥>75) confirmed the presence of the base-pair mutation
(Fig. 2A). Quantitative real-time polymerase chain reaction (RT-
PCR), performed on bone marrow, showed no significant differences
in Tpil mRNA expression levels between Tpil*>7537S and wild-
type mice (Fig. 2B); however, western blots revealed a significant
reduction of TPI protein in the bone marrow lysates of homozygotes
compared with wild-type samples, while heterozygous cells showed a
~50% reduction in protein levels (Fig. 2C). This suggested that the
F57S mutation had a detrimental effect on protein stability.

Computer modelling was used to help predict how the F57S
mutation would affect TPI enzyme conformation and activity. In a
three-dimensional (3D) model of the dimer’s crystal structure, the
F57 side chain was shown to be buried in a hydrophobic pocket,
suggesting that it had an important role in stabilisation of the TIM
‘barrel’ configuration of the protein (Fig. 2D). In a contact map of
the mutation site, it was further demonstrated that F57 played a
central role in amino acid interactions via the packing of its aromatic
side chain (Fig. 2E). Replacing this hydrophobic amino acid with a
polar, hydrophilic amino acid (serine) is expected to disrupt those
interactions, resulting in a misfolded protein and degradation. This
likely explained the normal expression of 7pi/ mRNA but markedly
reduced levels of TPI protein.

Tpi1F57SIF57S mice display haematological parallels to TPI
deficiency

Reduced erythrocyte TPI enzyme activity, in combination with
nonspherical haemolytic anaemia, is a key diagnostic indicator of
TPI deficiency. To examine the parallels between the Tpil/>7577S
mouse strain and the human condition, TPI enzyme function was
analysed in lysates made of peripheral red blood cells and various
other tissues (Table 2). In the homozygous population, the lowest
enzyme activity was seen in red blood cells (10% of that of wild
type), followed by brain (12%), bone marrow-derived macrophages
(BMMs) (13%), and unsorted bone marrow (16%). Heterozygotes,
which lacked a haemolytic phenotype, had a partial loss of enzyme
activity in red blood cells (53% of that of wild type) and bone marrow
cells (77%). Additionally, the end products of glycolysis, pyruvate
(Fig. 3A) and lactic acid (Fig. 3B), were significantly reduced in the
serum of Tpi1*75F57S mice compared with wild types, demonstrating
the detrimental effect of the loss of TPI activity on the glycolysis
pathway. Together, this indicated that the Tpil*>757S mutant is a
novel model of TPI deficiency, and mimics the haematological and
molecular defects typically observed in humans. Heterozygotes
represented asymptomatic carriers.

No neurological phenotype was identified in the 7pi
strain. Mice showed no loss of mobility or grip strength with age
(data not shown), and histology of the brain did not reveal any
pathological changes in 9-month-old mice (Fig. 3C). Serological
tests of glycolytic metabolites typically identified in TPI-deficient
patients with neurodegenerative symptoms, such as DHAP (Fig. 3D)
and HbA I ¢ —as an indirect measurement of methylglyoxal (Fig. 3E)—
were also normal compared with wild-type serum values. These
data suggest that the F57S mutation is not a catalyst of the
neurodegenerative phenotypes often associated with TPI deficiency.

1F57S/F57S

Bone marrow transplantation rescues red blood cell defects
in Tp,'1F57SIF57S mice

To determine whether the erythroid phenotype in Tpi mice
could be rescued, bone marrow transplants were performed using
wild-type (SIL) mice. Tpil™375 375 recipients, reconstituted with

]F57S/F57S
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Fig. 1. Phenotype of the RBC19 mutant mouse. (A) Peripheral blood smears of 7-week-old wild-type (WT) and RBC19 homozygous (m/m) mice, stained

with May-Griinwald Giemsa. Macrocytic red blood cells and a high degree of polychromasia (blue) are seen in the homozygous film. (B) Wet spleen weights of wild-
type (WT), heterozygous (+/m), and homozygous (m/m) mice. Individual values are shown, along with the mean (solid line). (C) Fluorescence-activated cell sorting
(FACS) plot of live spleen cells stained with Ter-119 and CD71. There is a significant increase in early Ter-119* CD71" cells (eryth ii) in the homozygotes. eryth i,
proerythroblasts; eryth i, basophilic erythroblasts; erythiii, chromatophilic erythroblasts; eryth iv, orthochromic normoblasts. (D) Hematoxylin and Eosin (H&E) staining
of sectioned spleens harvested from 2-month-old WT and m/m mice, photographed at low (x40) and high (x200) magnification. (E) Red blood cell half-life measured in
vivo using biotinylation, showing a more rapid rate of red blood cell turnover in the homozygotes; n=4. Error bars represent s.d. (F) Total serum bilirubin quantification of
WT, +/m and m/m mice. Data are meanzs.d.; n=6. ***P<0.0001, n.s., not significant.

wild-type bone marrow, showed restoration of all peripheral red
blood cell parameters after 7 weeks’ recovery, including reduced
MCV (Fig. 4A) and reduced reticulocytes (Fig. 4B), with
levels comparable to those of the wild-type control cohort (SJL).
The in vivo red blood cell half-life, measured by biotinylation, was
identical to that of wild-type red blood cells (Fig. 4C). In addition,
TPI enzyme activity within peripheral red blood cells had returned to

100% of wild-type activity levels (Fig. 4D). In contrast, Tpil">75F375
mice reconstituted with Tpi 1”775 bone marrow showed persistent
macrocytosis, shortened red blood cell half-life, and reduced
red blood cell TPI activity at 7 weeks (Fig. 4A-D). Thus, the
macrocytic haemolytic anaemia in the Tpil*>79F37S mutant strain,
being intrinsic to haematopoiesis, could be rescued using bone
marrow transplantation.
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A Fig. 2. Characterisation of the F57S
mutation. (A) Sanger sequencing of
cDNA | WT RBC19 homozygous cDNA shows a
T—C substitution in Tpi1, resulting
in a phenylalanine (F) to serine (S)
amino acid change. (B) Quantitative
(ﬂ U\[M\/\/\ RT-PCR for relative Tpi7 mRNA
expression in the bone marrow of
AcCcAROGARGITTCITTCOTTOGS wild-type (WT)and homozygous (F57S/
m/m F57S) mice. Data are meanzs.d.; n=4.
(C) Western blot of the TPI protein
from bone marrow lysates of WT,
heterozygous (+/F57S) and
homozygous (F57S/F57S) mice.
(. (D) 3D protein modelling of the murine
AccnroGANAGITCECITTCOTTGOEG TPI dimer in ribbons (blue and green),
Protein [ __T R K F F Vv G--- showing the enzyme active site (red
sticks). The location of F57 is
highlighted (red arrow to grey stick), as
well as its adjacent binding helix
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Table 2. TPl enzyme activity in blood cells and tissues

+/F57S F57S/F57S
Red blood cells 53+2.3 10£1.0
Bone marrow 77+3.9 16+£2.2
Spleen - 85+3.9
Liver - 19+0.4
Skeletal muscle - 48+5.3
Brain - 12+0.8
BMM - 13+1.1

Measured TPI enzyme activity of various cell populations obtained from
heterozygous (+/F57S) and homozygous (F57S/F57S) mice, shown as a
percentage (%) of the respective wild-type (SJL) value. BMM, bone marrow
macrophages. Data are meanzs.d.; n=6 for all populations.

DISCUSSION

In the present study, we have described a novel ENU mutagenesis
mouse strain harbouring a homozygous loss-of-function mutation in
the Tpil gene, resulting in a macrocytic haemolytic phenotype that
closely resembles human TPI deficiency. A phenylalanine-to-serine
substitution at amino acid 57 severely reduced enzyme activity
in multiple tissues, particularly those with a high dependence
on anaerobic glycolysis, such as red blood cells, bone marrow and
neurons. This novel model of TPI deficiency was utilised to
demonstrate that the haematological phenotype could be rescued
by transplantation using wild-type donor bone marrow.
Transplantation  successfully eliminated macrocytosis and
haemolytic anaemia, improved the in vivo red blood cell lifespan,
and increased red blood cell TPI enzyme activity to wild-type levels.
This study is the first to recognise that the haematological defects
associated with TPI deficiency can be rescued by bone marrow
transplantation.

The glycolytic housekeeping protein, TPI, is a ubiquitously
expressed enzyme responsible for maintaining equilibrium of the
metabolic intermediates DHAP and GAP (Ralser et al., 2008; Orosz
et al., 2009; Sarper et al., 2013). Homozygous or compound
heterozygous mutations occurring in the TP/] gene cause the rare
enzymopathy TPI deficiency. Approximately 13 mutations
spanning less than 50 reported cases of the disease have been
identified in humans so far (Schneider, 2000), each demonstrating
variable degrees of enzyme deficiency, anaemia and
neurodegeneration (Fermo et al., 2010; Hollan et al., 1993).
Nonspherical haemolytic anaemia is a hallmark of TPI deficiency,
often identified at birth, and has a chronic effect on patient health
(Sarper et al., 2013; Clay et al., 1982). No treatment options have
been established for TPI deficiency to date, and no incidence of
transplantation or similar trial has been recorded in humans or a
mammalian model of the disease. Patients rarely survive beyond
childhood, prompting the need to generate more effective long-term
clinical management strategies for this devastating disease.

The haematological phenotype identified in the ENU-generated
RBCI19 (Ipil™>75F37S) mouse strain closely matched the human
condition, presenting with a haemolytic phenotype, nonspherical
red blood cells, and evidence of erythropoietic stress on
extramedullary organs. Despite a slightly elevated MCV and
peripheral reticulocyte numbers, heterozygous Tpil *¥°75 mice did
not display the characteristics of haemolytic anaemia and were
therefore excluded from most tests. This heterozygous population
resembled the silent carriers frequently described in human cases,
typically associated with a residual enzyme activity of >50% in all
cells (Schneider, 2000). Otherwise, the degree of residual TPI
enzyme function observed in the erythrocytes of homozygotes fell
within the range reported in human case studies (Valentin et al.,

2000; Hollan et al., 1993). Enzyme activity of peripheral blood
cells is the gold standard for identifying TPI deficiency. The
variation in enzyme function observed in other tissues was likely
related to the rate of protein synthesis occurring in those cells.
Ultimately, bone marrow transplantation of wild-type donor cells
eliminated the macrocytic haemolytic phenotype in Tpil/?75F37S
recipients within 7 weeks. The restored red blood cell half-life and
peripheral red blood cell TPI activity were key indicators of the
transplant’s effectiveness, the results of which might prove to be
translatable to the treatment of TPI deficiency in humans.

The neurological symptoms often associated with TPI deficiency
vary in onset and severity, but do not appear to have a direct correlation
to enzyme activity (Ralser et al., 2008; Ahmed et al., 2003). A
genotype-phenotype relationship has been suggested, as specific
mutant alleles, particularly those that disrupt TPI protein dimerisation,
have been shown to correlate with more severe neurodegenerative
phenotypes in patients (Orosz et al., 2006; Roland et al., 2016).
Compounding genetic factors affecting other metabolic pathways,
particularly glyoxal pathways, have also been suggested to play a role
in the accumulation of potentially neurotoxic metabolic intermediates,
such as DHAP or methylglyoxal (Ahmed et al., 2003; Olah et al.,
2005). On a genetic level, the 7pil™7S mutation does not represent a
known variant observed in humans. Additionally, 3D protein
modelling revealed that the mutational site is unlikely to directly
impact protein dimerisation, based on its position in the context of
TPI’s well-characterised crystal structure (Mainfroid et al., 1996).
Physiologically, the mutant mouse does not show any loss of motor
function with age, nor any histological evidence of neuropathy. Taken
together, we conclude that the Tpil*>7%7>7S mouse strain presents
exclusively as a model of the haematological defects associated with
TPI deficiency.

This study is an example of the power of forward-genetics screens
in the development of animal models that accurately recapitulate
rare human diseases, and subsequently the use of those models
in trialling new therapeutic options with clinical translatability.
The ENU-generated Tpil™>75"37S mouse strain, a novel model of
TPI deficiency, was found to harbour the key haematological
characteristics of the human disease, which are targetable by bone
marrow transplantation. Our studies of this model hopefully bridge
a significant gap in the clinical management and treatment of this
rare haemolytic enzymopathy.

MATERIALS AND METHODS

Mice

A G1 pedigree (RBC19; Tpil*>75) displaying macrocytosis was identified in
an ENU mutagenesis screen on an SJL background, as described previously
(Brown et al., 2013; Bauer et al., 2015). Mice were genotyped by PCR
amplification of the region spanning the F57S mutation using cDNA and
the primers: Forward (5'-AGAGAGCCGTGCGTTTGTA-3") and Reverse
(5'-GCCCCATTGGTCACTTTGTA-3); followed by sequencing using the
Big Dye Terminator™ reagents (Australian Genome Research Facility) to
identify the point mutation. All animal experiments were approved by
Monash University and the Animal Ethics Committee (AEC) of the Alfred
Medical and Research Education Precinct. Animals were used and cared for
in accordance with AEC guidelines.

Next-generation sequencing

Massively parallel sequencing (whole exome) was performed on the
[lumina HiSeq platform (Australian Genome Research Facility) using the
genomic DNA of G, homozygous mice, determined by high MCV.
Reads were assembled against the SJL reference sequence, which identified
a point mutation at position ¢170 of 7pi/ (NC_000072.6), resulting in a
phenylalanine to serine substitution at amino acid 57 (F57S).
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Fig. 3. Tpi1F57S/F57S mice display a TPI deficiency-like phenotype without neuropathy. (A,B) Pyruvate (A) and lactic acid (B) measured in the serum of
wild-type (WT) and homozygous (F57S/F57S) mice. Data are meanzs.d.; n=6. (C) Sectioned brains of 9.5-month-old WT and F57S/F57S mice, stained with H&E
(upper) and Luxol Fast Blue (LFB) (lower). (D,E) DHAP (D) and HbA1c (E) measured in the serum of WT and F57S/F57S mice. Data are meants.d.; n=5.

***P<0.0001, n.s., not significant.

Computer modelling

The 3D structure of wild-type TPI1 (PBD entry 4POC) was modified
to introduce the F57S substitution using Coot (Emsley et al., 2010). The two-
dimensional (2D) contact map for the wild-type and F57S residue was
generated using LogiPlot+ (Laskowski and Swindells, 2011). Structures were
inspected and figures were generated using PyMOL (version 2.0.3).

Enzyme assays

TPI enzyme activity was measured colorimetrically using a kit from
BioVision (Milpitas, CA, USA). For red blood cell measurements, EDTA-
treated blood samples were centrifuged at 4000 g for 15 min and the packed
red blood cell volume was diluted in dH,O to a 1:20 dilution, followed by
three freeze-thaw cycles with intermittent vortexing to ensure complete

lysis. Other tissues were collected in PBS (pH 7.0-7.4) and separated using a
40-um cell strainer (Stem Cell). Lysates were made in TPI enzyme kit
diluent containing a protease inhibitor cocktail (‘cOmplete’, Sigma-Aldrich,
MO, USA) followed by three freeze-thaw cycles. Prior to testing, all cell
lysates were centrifuged at 4000 g for 5 min to allow collection of the
supernatant. Activity was measured using a Multiskan™ microplate
photometer (Thermo Fisher Scientific, Scoresby, Australia) in kinetic
mode at 37°C for a maximum of 40 min.

Serum assays

Bilirubin and lactate were measured colorimetrically in 96-well plates
using assay kits obtained from Sigma-Aldrich, and absorbance was read
on the Multiskan™ microplate photometer (Thermo Fisher Scientific).
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Fig. 4. Bone marrow transplantation corrects macrocytosis and haemolysis. (A,B) Red blood cell mean corpuscular volume (MCV) (A) and circulating
reticulocytes (B), measured in the peripheral blood of 7-week post-transplanted mice. Individual values are shown, along with the mean (solid line). (C) Red blood
cell half-life measured in vivo in 7-week post-transplanted mice using biotinylation, demonstrating the increased half-life of circulating red blood cells in the
transplanted (SJL>Tpi7) cohort; n=4. Error bars represent s.d. (D) Kinetic assay showing TPl enzyme activity, measured in the peripheral red blood cells of
7-week post-transplanted mice over a time-course of 40 min. Enzyme activity within the red blood cells of the transplanted cohort (SJL>Tpi7) shows equal
catalytic function to the wild-type enzyme; n=3. Error bars represent s.d. **P<0.001, n.s.: not significant.

DHAP was measured fluorometrically using a PicoProbe™ assay kit
(BioVision), and analysed on a FLUOstar OPTIMA (BMG Labtech,
Victoria, Australia) on fluorescent intensity mode with an excitation
wavelength of 544 nm and an emission wavelength of 590 nm. HbAlc
was measured by enzyme-linked immunosorbent assay (ELISA)
(MyBioSource, San Diego, CA, USA), and absorbance was read on the
Multiskan™ microplate photometer.

Statistical analysis

Where applicable, results are expressed as mean=s.d. For statistical analysis,
a two-tailed Student’s 7-test was employed, unless stated otherwise. P<0.05
was considered statistically significant.
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CHAPTER FIVE

Characterization of Tfrc-mutant mice with microcytic phenotypes

The following chapter describes the third (of three) complete set of results obtained for this
thesis, which were submitted in the form of a research article in a peer-reviewed scientific
journal during enrolment (see Thesis including published works), and recognises the leading
author as Ashlee J. Conway. The hypotheses, aims, and expected outcomes of this thesis are
each discussed in this chapter, and additional content specific to the article (methods,
references, etc) are also supplied. Since thesis submission to examiners, the article has been
published in a peer-reviewed journal, and has therefore been collated in this thesis in its

published format.
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m To identify novel regulators of erythropoiesis, we performed independent forward genetic
screens using the chemical mutagen ENU in mice. Among progeny displaying microcytic red-cell
* Novel Tfrc-mutant
mouse identified in
ENU mutagenesis

screen with stable
receptor expression.

phenotypes, 7 independent mouse strains harboring mutations within the transferrin receptor gene

Tfrc were identified. Six of the mutants, including the previously described red blood cell 6 (RBC6)

strain, displayed reduced erythroblast CD71 expression and midgestation lethality of homozy-

gotes (E12.5-E14.5), and 1 novel strain, RBC21, displayed a variable phenotype with sustained CD71

expression and late homozygous lethality (E18.5). Standard iron studies were normal in the

* Flow imaging cyjfometry RBC21 mutant, but intracellular ferritin was significantly reduced. The microcytic phenotype seen
demo.ns.trates micro- in the RBC21 strain was the result of impaired binding of transferrin to the receptor. Neither
Cyt(,)S'S In mutants RBC6 nor RBC21 responded to iron replacement therapy. These studies describe how point
derives from dysfunc- mutations of the transferrin receptor can cause a microcytic anemia that does not respond to

tional receptor-mediated iron th d would not be detected b fine i udi h ferritin.
el s o THIT iron therapy and would not be detected by routine iron studies, such as serum ferritin.

complex.
Introduction

The transferrin receptor (TfR, TfR1, CD71), encoded by the TFRC gene in humans, is an integral
component of iron metabolism and erythrocyte production.’ The highest expression of TfR is seen in the
bone marrow on developing erythroblasts, which require intake of circulating iron for hemoglobin
synthesis.>® The 2 key ligands of TfR are transferrin (Tf) and the hemochromatosis protein (HFE), which both
play prominent roles in iron metabolism and regulation, respectively.* These ligands directly compete for
overlapping binding sites within the ectopic helical domain of the receptor, composed of N-terminal amino
acids 607 to 760 (mouse equivalent, 610-763) within exons 17 to 19.° The binding affinities and
conformational relationships of both ligands to TfR have been previously described.>” As a homodimer, TfR
has 2 binding sites for the acceptance of 2 molecules of either Tf or HFE, or it can form a ternary structure
with both simultaneously at a 1:1:1 ratio, but ultimately, the receptor has a much higher affinity for Tf,
specifically iron-bound Tf (Fe-TH), at biological potential of hydrogen (pH).® This is due to the enclosed
conformational change that Tf undergoes when iron is captured from the circulation. In contrast, TfR has a
weak affinity for iron-free Tf, the conformation of which is more open and reduces the number of binding sites
accessible by the receptor. After the binding of Tf to the membrane-bound receptor, the Tf-TfR complex
undergoes receptor-mediated endocytosis within a clathrin-coated pit, facilitated by endocytic mediators,
such as dynamin 2 (Dnm2).B A reduction in endosomal pH (~5.5) allows iron to disassociate from its carrier
protein without disturbing Tf-TfR binding, and subsequently, iron enters the cell through the DMT-1 portal,
where it can be used in the synthesis of heme or stored intracellularly in the form of ferritin.® The iron-free
Tf-TfR complex is then recycled to the cell surface, where Tf is released back into the circulation.

TfR-HFE interactions also play an important role in maintaining iron homeostasis.'® As the concentration of
serum iron increases, so does Fe-Tf, which subsequently outcompetes HFE for TfR binding positions.
Displaced HFE initiates a negative feedback loop by prompting the formation of an iron-regulatory complex

Submitted 23 March 2018; accepted 15 June 2018. DOI 10.1182/ © 2018 by The American Society of Hematology
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Table 1. List of Tfrc-mutant mouse strains generated by ENU mutagenesis

Nucleotide Amino Mean Homozygote CD71 expression,
Mutant mutation, cDNA acid change heterozygote MCV phenotype heterozygote
BL/6 NA NA 46 NA Normal
RBC1 T1849C Y617H 42 Lethal (E10.5-E12.5) Reduced
RBC4 T2048A Y686Stop 42 Lethal (E10.5-E12.5) Reduced
RBCS5 T1925G L642R 41 Lethal (E10.5-E12.5) Reduced
RBC6* T1934G L645R 43 Lethal (E10.5-E12.5) Reduced
RBC8, RBC17 A2105G H702R 41 Lethal (E10.5-E12.5) Reduced
RBC21 G1961A R654H 37 Lethal (E16.5-E18.5) Normal

Mouse mutants with autosomal-dominant microcytic phenotypes, identified in independent ENU mutagenesis screens, were deemed RBC mutants, by order of discovery. Mutants were
phenotyped by their mean corpuscular volume (MCV), calculated by an automated blood analyzer (Hemavet, Drew Scientific). Timed pregnancy studies determined embryonic lethality in
each mutant strain. CD71 expression was determined by flow cytometry, performed on live Ter-119" bone marrow erythroblasts, which compared CD71 intensity with that of WT littermates

in each cohort.
NA, not applicable.

around the liver-specific homolog TfR2.'" This complex involves the
recruitment of proteins such as hemojuvelin (HJV) and BMP-6, which
require HFE for stabilization. The regulatory complex initiates down-
stream signaling through TfR2 and other iron-sensing receptors and
ultimately triggers production of the peptide hormone hepcidin.'’
Hepcidin inhibits excessive iron from entering the circulation via blockage
and degradation of ferroportin. At low iron concentrations, TfR is thought
to sequester HFE to prevent it from inappropriately enacting on
TfR2.'®"2 In addition to regulation, TfR2 is also important for
erythropoietic development through its cooperation with the erythro-
poietin receptor; however, the phenotypes of experimental animals
lacking TfR2 are strikingly different to those with TfR defects.'®

Inheritable mutations within genes encoding HFE, TfR2, or HJV are
known to cause iron overload, or hemochromatosis.'! In contrast, there
have been no definitive reported cases of red-cell diseases resulting
from inherited mutations in TFRC in humans. Genome-wide associ-
ation studies previously identified a homozygous mutation in the
C-terminal cytoplasmic domain of TfR, resulting in primary immunode-
ficiency,'* but no erythroid-specific diseases resulting from mutations
in TFRC have been confirmed to date. However, microcytic anemia
with iron deficiency—like characteristics, often unresponsive to iron
therapy, is a recognized clinical finding in humans, and many cases go
unresolved."® It is therefore possible that congenital mutations within
other key proteins of the iron metabolism pathway, such as TR, do exist
in the population but go undetected. The generation of experimental
animals harboring Tfrc mutations, particularly mice, typically results in
iron-deficient erythropoiesis with various degrees of anemia and liver
iron overload,"®'® but the pathological role of aberrant TfR endocytic
cycling in iron therapy-resistant microcytic anemia and its clinical
relevance remain poorly characterized. In a series of genome-wide
ENU mutagenesis screens, we identified a collection of mutant mice
with dominant microcytic red-cell phenotypes, all harboring Tfrc
mutations within the Tf/HFE binding domain. Detailed phenotypical
analyses of these mutant strains have offered greater insight into
the key characteristics of TfR-mediated microcytic anemia and the
molecular mechanisms underpinning red-cell pathologies.

Materials and methods
Mice

Dominant ENU mutagenesis screens were performed in mice as
described previously.'” G, pedigrees displaying microcytosis were

€ blood advances 14 augusT 2018 - voLUME 2, NUMBER 15

identified from 7 individual founder mice. Gene mapping followed by
whole-exome sequencing was performed on each strain,® which
identified each mutation in the Tfrc gene, as listed in Table 1.
Genotyping of the strains red blood cell 6 (RBCB; Tfrc™/M845R) or
RBC21 (Tfrc™/R854H) was performed using bone marrow comple-
mentary DNA (cDNA) and the primers forward (5'-CAC ACC TGG
CTT TCC TTC TT-3’) and reverse (6'-ATG AGG AAC CAG ACC
GTT ATG-3’), followed by sequencing using BigDye Terminator
reagents. All animal experiments were approved by the animal
ethics committees of the Alfred Medical and Research Education
Precinct and Monash University.

Blood and serum studies

Full blood examinations were performed on EDTA-treated whole
blood collected from submandibular venepuncture and processed
by the Hemavet automated blood analyzer (Drew Scientific, Miami
Lakes, FL). Tf and ferritin assays were performed by enzyme-
linked immunosorbent assay (ALPCO Diagnostics, Salem, MA).
Serum iron and Tf saturation were quantified using a total
iron binding capacity reagent set (Pointe Scientific, Inc., Canton,
MI). Liver iron was assayed using an iron assay kit (Abcam,
Cambridge, MA).

Tf uptake assay and flow imaging

Single-cell flow imaging was performed on whole bone marrow
stained with conjugated antibodies Ter-119 and CD71 (BD Biosciences,
San Jose, CA) on the Amins ImageStreamX Mark Il flow cytometer (Merck,
Darmstadt, Germany). A minimum of 2000 erythroblast (Ter-1197) events
were captured for each run. Compensation and analysis were
performed using Amnis IDEAS software (Merck). Early proerythroblasts
and late erythroid cell subtypes were excluded from analysis based on
Ter-119 expression. Focused cells were chosen based on a bright
field intensity gradient of >40, followed by elimination of debris and
doublets by the bright field aspect ratio vs area dot plot. Colocalization
analysis generated a median bright intensity score for the florescent
intensities of Ter-119 and CD71, where higher score indicated
greater overlap of the 2 probes. Internalization analysis generated
the mean internalization erode score using Ter-119 as the mask
probe, where a score equal to 1.0 indicated the probe was
membrane bound, and a score >1.0 correlated with increased
internalization of the probe. Using these parameters, Tf uptake
was assessed on bone marrow additionally stained with 5 mg/mL
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Figure 1. Distribution of Tfrc mutations identified in ENU mutagenesis screens. (A) Amino acid sequence of the mouse (upper) and human (lower) ectopic helical

domain of the Tfrc gene. Mutations identified in murine ENU mutagenesis screens are highlighted (red), with their corresponding RBC mutant strain. Known ligand binding

positions include Tf binding (yellow), HFE binding (blue), and sites with overlapping Tf/HFE binding (gray). (B) Three-dimensional structure of the murine TfR-Tf complex (PD
entry 3S9L) inspected by PyMOL (version 2.0.3). A cluster of Tfrc mutations (RBC5, orange; RBCS, blue; RBC21, red) is highlighted. (C) Closer inspection of the RBC21
mutation and its positioning within the TfR-Tf complex. The R654 amino acid (human equivalent, R651) is shown to have a direct Tf binding role via interactions with Tf amino

acids C368 and D356. Other mutation sites (RBC5, RBC6) are suggested to play structural roles within the receptor.

of Tf-Alexa Fluor 647 conjugate (Life Technologies, Scoresby,
Australia) for 45 minutes at 4°C in the dark. Uptake was initiated
by incubating cells at 37°C and halted at desired time points by
placing cells in ice. Cells were then briefly acid washed (150 mmol/L
of sodium chloride, 20 mmol/L of calcium dichloride, 20 mmol/L of
sodium acetate; pH, 4.6) before cytometric analysis and imaging. Tf
uptake was calculated at each time point by dividing the relative
intensity of internalized Tf by the O-minute noninternalized unwashed
control.

Quantitative real-time polymerase chain reaction

Total RNA was extracted from liver using TRIzol (Invitrogen) according
to the manufacturer’s instructions, followed by cDNA amplification of
1 g total RNA using a reverse transcription kit (Promega). Quantitative
real-time polymerase chain reaction was performed on a LightCycler
480Il (Roche Diagnostics) using the GoTag gPCR Master Mix
(Promega). Expression of genes was normalized to B-actin, and data
are presented as relative expression compared with WT controls.
Gene-specific primers were as follows: Hamp-1: forward (5'-AAG
CAG GGC AGA CAT TGC GAT-3') and reverse (5'-CAG GAT
GTG GCT CTA GGC TAT GT-3'); B-Actin: forward (5'-CTG TCC

1916 CONWAY et al

CTG TAT GCC TCT G-3') and reverse (5'-ATG TCA CGC ACG
ATT TCC-3).

Statistical analysis

Where applicable, results are expressed as mean =+ standard deviation.
For statistical analysis, a 2-tailed Student t test was employed, unless
stated otherwise, where P < .05 indicated significance (or as defined
in the figure legends).

Results

Identification of microcytic mouse strains with
dominant Tfrc mutations

A series of independent genome-wide ENU mutagenesis screens
were performed in mice to identify novel genes or alleles regulating
erythropoiesis, as previously described.'”'® Seven G, progeny
exhibiting a reduced MCV >3 standard deviations below the
average population were isolated. Further breeding demonstrated the
phenotype was fully penetrant and autosomal dominant in inheritance.
Pedigrees were termed the RBC mutants, numbered in order of
discovery (Table 1).

14 AUGUST 2018 - VOLUME 2, NUMBER 15 & blood advances



To identify the genetic mutation responsible for the microcytic
phenotypes observed, gene mapping or whole-exome sequencing
was used as previously described®'” and confirmed by Sanger
sequencing on bone marrow cDNA. Mutations within the Tfrc gene
on chromosome 16 were identified in each pedigree. Two mutants
were genetically identical (RBC8 and RBC17), resulting in 6 different
Tfrc mouse strains (Table 1), including the previously reported RBC6
mouse (Tfrc*84°R) 8 Five of the 6 unique alleles were missense
substitutions, and 1 was a premature stop codon (RBC4). All
mutations were localized within exon 17, 18, or 19, resulting in
substitutions of conserved amino acids (Figure 1A). Three-
dimensional modeling of the murine TfR dimer, in the context of the
Fe-Tf complex, showed several Tfrc mutations (RBC5, RBCS,
RBC21) to be within the helical binding domain, either at or adjacent
to known Tf/HFE binding sites (Figure 1B). Modeling predicted that
many mutational sites played important structural and conformational
roles within TfR, such as providing hydrophobic packing for the
helical bundle (RBC5, RBCB6), or otherwise produced an unstable
truncated form (RBC4). One mutation, R654H (RBC21), was found
to be directly involved in securing Tf to the receptor (Figure 1C) and
was the only substitution predicted not to distort protein conforma-
tion, instead affecting the ligand binding capacity of Tf.

TfR mutants with distinct phenotypes

Mice carrying the RBC21 allele (denoted Tfrc~¢%*") displayed a unique
phenotype among the RBC mutants and therefore became the major
focus of our investigations. Similar to other Tfrc mutants described here
and previously,'” Tfrc™/R®5*" mice displayed significantly reduced
MCYV, hemoglobin, and hematocrit, as well as increased red-cell count
and red-cell distribution width, in comparison with WT littermates
(Table 2). White-cell and platelet values were unchanged. Peripheral
blood smears revealed microcytic red cells with unremarkable
morphology in heterozygotes (Figure 2A). Surprisingly, serum ferritin
and serum Tf, typically used to diagnose iron deficiency in humans,
were normal in both Tfrc™/-%4°R and Tirc /R85! mice (Table 3). Total
liver iron was also normal. However, red-cell ferritin concentrations
were significantly reduced in both strains, indicating an intracellular iron
deficit in both the Tfrc™-%*°R and Tfrc*/R®>*H mutants (Table 3).

A key difference observed in the Tfrc™/R8%* strain was increased

expression of CD71 (TfR) on the surface of Ter-119" bone marrow
erythroblasts (Figure 2B). In all other Tfre-mutant RBC strains, such
as Tfrc**%4°R CD71 expression was significantly reduced com-
pared with WT littermates (Figure 2B). These data, combined with
the 3-dimensional modeling, suggested that T#rcR%°*" erythroblasts
express a structurally stable mutant TfR protein at the cell surface.

In contrast to other strains, TfrcRe24HRE4H ampryos displayed

notably delayed homozygous lethality (Table 1). TfrcRE®4H/Res4H
embryos had an anemic phenotype detectable at E14.5 and died
between E16.5 and E18.5 (Figure 2C). E14.5 TfrcRES4H/RE54H
embryos showed severe pallor, edema, and underdeveloped
craniofacial structures and had significantly fewer fetal liver cells
compared with WT littermates (Figure 2D). Despite this, CD71
expression on Ter-1197 cells harvested from E14.5 TfrcR654H/R654H
fetal livers was increased (Figure 2E). To determine which mutant
allele was dominant, we intercrossed Tfrc™/"4%R and Tfrc*/RE54H
heterozygous mice to generate Tfrct®4°R/R854H ompound
heterozygotes. Double-heterozygous embryos were found to be
phenotypically identical to Trc?e°*HRe54H empbryos, with embryonic
lethality observed between days E16.5 and E18.5 (Figure 2C).

€ blood advances 14 augusT 2018 - voLUME 2, NUMBER 15
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Table 2. Full blood examination of the Tfrc strain
Mean = SD

WT (n = 22) Tfrc*/R%M (n = 18) P
RBCs, X 10'%/L 9.57 + 0.7 11.21 + 1.2 <.0001
Hb, g/L 142 1.2 134+ 1.4 <.05
HCT, % 459 * 25 413 * 4.6 <.0001
MCV, fL 47.6 + 1.7 36.9 = 2.5 <.0001
MCH, pg 149 *+ 0.4 12.0 + 0.7 <.0001
MCHC, g/dL 313+ 1.3 326+ 1.9 n.s.
RDW, % 18.7 = 1.1 19.7 + 1.0 <.05
WBCs, X 10%/L 8.69 * 1.8 7.63 = 2.5 n.s.
Platelets, X 10°/L 972 + 190 1057 + 385 n.s.
Reticulocytes, % 52+ 16 4.0 * 2.0 n.s.

Blood parameters obtained from 7-week-old WT and heterozygous (Tfrc*/R®%4H) mice

using automated blood analyzer (Hemavet). Two-tailed Student ¢ test was used.

Hb, hemoglobin; HCT, hematocrit; MCH, mean corpuscular hemoglobin; MCHC, mean
corpuscular hemoglobin concentration; n.s., not significant; RDW, red-cell distribution
width; SD, standard deviation; WBC, white blood cell.

Thus, the TrcR¢%*H mutation retained partial function and was able
to rescue the loss-of-function Tfrc*"-%**R-mutant allele.

Given that the Tfrc®°* mutation was germ line and affected all
tissues requiring iron intake, fetal liver transplantations were
performed to establish whether embryonic lethality in homozygotes
was due to erythropoietic defects. WT or TfrcR854H/RE54H feta) iver
cells from E14.5 embryos were transplanted into lethally irradiated
adult WT mice. Survival of the transplanted recipients was tracked
over time (Figure 2F), and peripheral blood was analyzed after 7-week
recovery (Table 4). As expected, WT fetal liver cells were able to
rescue lethally irradiated mice, with complete donor reconstitution of
all hematopoietic lineages. However, a majority of mice transplanted
with TfrcRES4HRES4H feta| liver cells died within 2 weeks as a result of
severe anemia (Figure 2F). Furthermore, blood analysis of the single
surviving TfrcRe54H/RES4H Lo cinient demonstrated severe microcytic,
hypochromic anemia (Table 4). Thus, the lethality of homozygous
embryos could be attributed to an intrinsic defect in red-cell production.

TfrcR®5*" mutation inhibits Tf binding
and internalization

The reduced intracellular iron, despite elevated CD71 expression,
suggested that the TfrcR®®*" mutation affected interactions with Tf.
The binding capacity and internalization of Tf and TfR were analyzed
in erythroblasts using the Amnis ImageStreamX flow imaging
cytometer. We first validated CD71 expression levels on Ter-119"
erythroblasts harvested from each cohort using single-cell fluores-
cent imaging (Figure 3A). In comparison with WT cells, CD71
expression on Tfrc*/84%R erythroblasts was significantly reduced
and displayed a lower CD71/Ter-119 overlap score (1.56
compared with 1.81 in WT; P = .01), indicating reduced CD71
expression. In Tfrc*/R®* gpythroblasts, however, the median
CD71/Ter-119 overlap was greater than the WT ratio (1.96;
P = .01), consistent with the increased CD71 surface expression
observed by flow cytometry (Figure 2B). Erythroblasts from WT,
Tfrc*/M645R ‘and Tfrc™/R®5*H mice were subsequently stained with a
Tf—Alexa Fluor conjugate for flow imaging to analyze Tf-TfR binding
and internalization. After incubation with the ligand, both WT and
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Figure 2. Phenotype of the RBC21 mouse. (A) Peripheral blood smears of 7-week-old WT and RBC21 heterozygous (Tfrc*/R%*H)

mice (original magnification X400;

hematoxylin and eosin stain). Heterozygotes show microcytic red cells with mild pallor. (B) Flow cytometric analysis of CD71 expression levels, performed on live Ter-119™ bone
marrow erythroblasts of WT, RBC6 (Tfrc™-6*°R), and RBC21 (Tfrc /R854 mice. (C) Timed pregnancies showing WT, RBC21 homozygous (TfrcRe54H/RE84H) and RBC6/RB21

double-heterozygous (Tfrc-645R/RE54H)

( TfrcR654H/R654H)

homozygous (TfrcRES4H/RE54H)

embryos, dissected at embryonic days 14.5, 16.5, and 18.5. (D) Fetal liver live cell counts performed on WT and RBC21 homozygous
embryos at embryonic day 14.5 (n = 4). (E) Flow cytometric analysis of CD71 expression levels, performed on live Ter-1197 fetal liver cells of WT and RBC21
embryos at embryonic day 14.5. (F) Survival curve of irradiated adult mice transplanted with WT or RBC21 homozygous (TfrcRe54H/RE54H) fety) fiver

cells, extracted from E14.5 embryos. Median survival of homozygous cohort, 13 days (n = 12). *P < .05. Tx, treatment.

Thrct/*845R erythroblasts showed an average of 20% Tf saturation

across membrane-bound CD71 (Figure 3B). In contrast, Tfrct/RE%4H
erythroblasts demonstrated significantly reduced Tf conjugation to
CD71 at the cell surface, despite increased CD71 expression
(13.8%; P = .045), indicating that the TfrcR®H mutation reduced
Tf binding to TfR.

To investigate whether reduced Tf binding resulted in less
intracellular Tf uptake, TfR uptake through receptor-mediated
endocytosis was assessed by flow imaging over time using a Tf—Alexa
Fluor conjugate. Internalization of Tf was quantified by the mean
internalization erode score, which positively correlates with the
percentage of endocytosed Tf. At O minutes (Figure 3C), Tf was
detectable exclusively at the cell membrane in all 3 cohorts,
resulting in a low internalization score (~1.03). After 5 minutes
(Figure 3D), a significant proportion of Tf was internalized by
receptor-mediated endocytosis in WT erythroblasts (1.23), corre-
lating with Tf uptake of 46% (Figure 3E). Tfrc*/"6**R-mutant
erythroblasts had a similar internalization erode score (1.19; P = .09)
and Tf uptake of 42% (Figure 3E). In contrast, Tfrc™/RE54H.
mutant erythroblasts showed significantly reduced internalization
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(1.06; P = .02) and endocytosis of Tf (21%; Figure 3E) after
5 minutes.

Tf and HFE have a number of overlapping binding sites for TfR;
however, based on the helical domain sequence (Figure 1A),° the
Tirc84°R and T#rcR85*H mutations were not predicted to affect HFE
binding. To confirm the mutations did not interfere with HFE binding
to the receptor, we measured liver Hamp-1 messenger RNA
expression as an indirect readout of the HFE-TfR interaction. Liver
Hamp-1 expression was normal in both Tfrc*/-64%R and Tfrc*/RES4H
mice compared with WT controls (Figure 3F). These results
indicated the HFE binding regions on TfR were unaffected, and
the red-cell phenotypes observed in these mice were not the result
of increased hepcidin production.

Tfrc-mutant mice are resistant to iron therapy

To determine if Tfrc mutations respond to iron therapy, we treated
Tfrct/L845R and Tire*/R8®4H mice with iron dextran and reevaluated
iron parameters 3 weeks later. Despite the significant increases that
occurred to serum Tf, serum ferritin, and liver iron after administra-
tion, iron dextran treatment was unable to restore red-cell ferritin
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Table 3. Iron studies of Tfrc*/%4°R and Tfrc*/R*" mice Table 4. Full blood examination of fetal liver-transplanted mice
Mean = SD Mean = SD
WT (n = 9) Tfrct/'84R (n — §)  Tfrc*/RS54H (n = 5) WT TfrcRE54H/RES4H

Serum Tf, g/L 3.80 * 1.2 4.24 = 0.68 3.99 * 0.87 RBCs, X 10"%/L 11.72 x 1.4 4.46
Serum ferritin, ng/L 1021 = 130.6 905 *+ 228.8 908 *+ 125.2 Hb, g/dL 15.4 = 0.7 6.6
RBC ferritin, wg/L 60.43 = 9.54 17.22 = 1.21* 28.70 + 8.65* HCT, % 52.6 = 3.2 17.5
Serum iron, wmol/L 47.21 = 2.283 38.09 *+ 9.29* 47.90 = 276 MCV, fL 451 = 29 35.9
TIBC, pmol/L 115.84 = 11.7 106.68 * 6.82 95.92 = 15.7* MCH, pg 136 = 1.3 14.8
Tf saturation, % 48.95 = 2.59 35.85 = 2.16* 55.75 = 2.33* MCHC, g/dL 30.1 =15 37.7
Liver iron, nmol/kg 1.89 = 0.25 1.64 = 0.34 1.62 + 0.46 RDW, % 195 + 1.6 20.0
Serum and tissue iron parameters obtained from 10-week-old WT, RBC6 (Tfrc*/-64°R), WBCs, x 10°/L 9.80 = 0.9 5.66

and RBC21 (Trc*/R85*H) mice. Two-tailed Student ¢ test was used to compare values Lymphocytes, % 789 + 2.4 62.7

with WT.
TIBC, total iron binding capacity.
*P < .05.

concentrations in either mutant strain (Table 5). Consequently, the
reduced MCV and mean corpuscular hemoglobin persisted in both
Tfrct/845R and Tfrc*/R854H mice (Table 5). Taken together, these
results indicate that microcytic, hypochromic anemia caused by Tfrc
mutations is nonresponsive to iron replacement therapy, regardless
of CD71 expression (Tfrc"54°F) or endocytic function (THrcRE%4H,

Discussion

We conducted a genome-wide ENU mutagenesis screen to
identify novel regulators of erythropoiesis in mice. Here, we
describe a series of autosomal-dominant mutations of the Tfrc
gene. The phenotype in each case was microcytic hypochromic
anemia. Of the 6 unique Tfrc mutants identified, the RBC21 strain
(Tfrc™/R8%4M) displayed a distinct phenotype, including sustained
erythroblast CD71 expression and delayed homozygous lethality.
This study offers a broader examination of hematological and
developmental phenotypes caused by autosomal-dominant Tfrc
mutations, as well proposed pathological mechanisms underlying
those phenotypes.

Receptor-mediated endocytosis of the Tf-TfR complex is the key
mechanism by which cells, particularly erythroblasts, obtain iron.
Extensive studies in vitro have identified key motifs within the
extracellular helical domain of the receptor (exons 17-19) that are
indispensable for ligand binding and function.>® Studies of
microcytic mice harboring point substitutions and deletions within
Tfrc, including those identified in ENU mutagenesis screens,'®'6 or
mutations in upstream factors regulating TfR transcription2°
typically reported a microcytic, hypochromic phenotype because
of haploinsufficiency of the receptor. Through crystal structure
modeling and CD71 flow cytometry, we found the Tfrc*/RE54H
mouse strain expressed a stable mutant protein at the cell surface.
This provided a unique opportunity to study the consequences of
defective TfR ligand binding and its effect on erythropoiesis and
development in vivo.

The R654 amino acid (human equivalent, R651) is a key Tf binding
hotspot within the TfR, the loss of which has been shown to severely
diminish the T, but not HFE, binding affinity of the receptor.”'® The
use of novel cytometric tools, such as the Amnis ImageStreamX
flow imager, provided visual and quantitative evidence of the
importance of this binding site in iron transport and metabolism and
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Platelets, X 10°%/L 970 * 269 >2972

Blood parameters obtained from mice 7 weeks posttransplantation after lethal irradiation
and transplantation with either WT or homozygous (TfrcR6®4Re54H) E14 5 fetal liver cells.

ultimately demonstrated how a microcytic phenotype could persist
in the Tfrc™/R%®*" mutant despite sustained CD71 expression
levels. Interestingly, the pattern of ineffective Tf-TfR uptake
observed in Tfrc*/R®* erythroblasts was comparable to a
mouse model harboring a Dnm2 mutation, displaying defects in
endocytosis.® This suggested both Tf binding and receptor
internalization were disrupted by the TfrcRe®4H mutation; however,
there may be additional disruptions to intracellular mechanisms
contributing to the phenotype of the animal. Indeed, other aspects
of receptor-mediated endocytosis and endosomal iron trans-
port could be further investigated using this method, because
many intracellular erythroid metabolic programs remain poorly
described.

Surprisingly, and in contrast to other mutants described here,
TfrcREB4H/RESAH amiyryos survived until late embryogenesis, en-
abling the study of the requirements of Tfrc during development.
Early embryonic lethality of homozygotes previously prevented
these observations.®'®2° Aside from the profound anemia and
tissue hypoxia, gross malformations of the brain and craniofacial regions
seen in E145 to E185 homozygotes and double Tfrc-84°R/REs4H
heterozygous embryos are consistent with previous reports that TfR
cycling has a prominent role in neurological development." The
opportunity to perform fetal liver transplantations using TfrcR6e4HVRe54H
cells allowed further assessment of the function of this Tfrc allele in
adult hematopoiesis. Although homozygosity of the TfrcRe%4H
mutation was ultimately incompatible with life, blood values of the long-
surviving transplant recipient suggested reconstitution of nonerythroid
cell lineage populations was still possible in the absence of TfR
cycling. Lymphocyte development, for instance, may use alternative
uptake pathways when TfR-mediated endocytosis is inefficient, given
the observed role of iron in lymphoid maturation.?’

Iron studies performed on Tfrc*/R85*H and Tfrc*/M54°R mice were

normal except for Tf saturation, which was slightly elevated in the
Tfrc /R854 strain. This may be linked to CD71 expression status.
Red-cell ferritin proved to be the most informative indicator of an
iron metabolic defect in Tfrc mutants, which did not respond to iron
dextran administration. Red-cell ferritin is frequently used to identify
cellular iron deficits in microcytic mice when serum markers
appear normal®?? and has been shown to be more informative
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Figure 3. Analysis of TfR binding and internalization using
Amnis flow imaging cytometry. (A) CD71/Ter-119 colocaliza-
tion imaging of erythroblasts obtained from the bone marrow of
WT, RBCS (Tfrc*"-%4°%), and RBC21 (Tfrc*/Re5*) mice. In-
tensity of CD71/Ter-119 overlap (yellow) generates the median
bright detail similarity score. (B) Tf/CD71 colocalization imaging
of erythroblasts from the 3 cohorts. Intensity of Tf/CD71 overlap
(pale blue) generates the median bright detail similarity score,
which is normalized to generate the mean percentage of Tf
saturation. (C) Tf/Ter-119 internalization imaging of erythroblasts
from each cohort at 0 minutes (before initiation of endocytosis).
The mean internalization erode score of Tf uses Ter-119 as the
mask. (D) Tf/Ter-119 internalization imaging of erythroblasts from
each cohort at 5 minutes postinitiation of endocytosis. All scores
represent 2000 Ter-119" events captured in each cohort. (E)
Total time course of Tf uptake, via endocytosis, calculated in
Ter-119" erythroblasts from each cohort. Mean =+ (SD) shown in
error bars. (F) Quantitative real-time polymerase chain reaction of
liver Hamp-1 messenger RNA expression in each cohort.

Mean =+ (SD) shown (n = 6). *P < .05, **P < .01.

MAD, median average deviation.

€ blood advances



+/L645R and Tfrc+/R654H

Table 5. Iron studies of Tfrc mice after iron

(dextran) treatment

Mean + SD

WT Tfrc+IL645R Tf’c+/R554H
Serum Tf, g/L 9.33 + 244 8.22 = 0.55 8.23 = 3.90
Serum ferritin, wg/L 3427 * 445 3220 * 315 3939 + 567
RBC ferritin, wg/L 148.2 = 3.68 27.80 + 7.9* 38.64 = 5.63*
Serum iron, pwmol/L 83.90 = 9.91 77.03 = 17.4 78.80 = 2.59
TIBC, pmol/L 89.06 = 12.1 79.04 = 21.4 86.73 = 15.6
Tf saturation, % 71.28 + 15.1 64.2 = 19.8 82.37 = 19.8
Liver iron, nmol/kg 2.81 £ 0.73 3.72 = 1.37 2.69 + 0.54
MCV, fL 48.0v 25 39.5 £ 1.6* 35.7 = 1.6*
MCH, pg 14.7 = 0.42 124 = 0.51* 11.2 = 0.25*

Blood and tissue iron parameters obtained from 10-week-old WT, RBC6 (+/L645R),
and RBC21 (+/R654H) mice, 3 weeks after a single intraperitoneal injection of iron
dextran. Two-tailed Student ¢ test was used to compare values with the WT.

*P < .05.

than ZnPP/heme ratios, for example.8 However, intraerythro-
cytic ferritin is not a typical clinical test of iron deficiency
anemia.?® Despite the obvious defect in iron uptake by red cells,
the predominant red-cell phenotype was microcytosis in the
absence of hypochromia. This suggests that isolated micro-
cytosis may be due to inherited defects in the TfR. Although
mutations within the TFRC gene have not yet been associated
with microcytosis in humans, the inclusion of intracellular iron
measurements may prove to be highly valuable in the search for
congenital mutations within iron internalization pathways,
particularly in cases when iron therapy has failed. A greater
understanding of the phenotypical characteristics associ-
ated with congenital iron metabolic defects in animal models,
along with the development of novel tools and markers of
iron deficiency, will progressively contribute to better clinical
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management strategies for patients with unresolved microcytic
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Discussion and future directions

This thesis focused on the characterisation and phenotypic investigations of ENU
mutagenesis mouse strains harbouring inheritable defects in erythropoiesis. Three unique
mouse models were characterised in this study: RBC16, RBC19, and RBC21. Each
harboured a random, chemically-induced mutation in a gene that was shown to be vital for
red blood cell development or function, resulting in either a microcytic or macrocytic red cell
phenotype. Through next-generation sequencing, particularly WES, we successfully
identified the causative mutation in each strain and demonstrated its pathological role in the
observed phenotypes of these RBC mutants. Lastly, we investigated the possible clinical
relevance of these mutant mice and made a number of translatable observations which

could impact the future diagnosis and treatment of human red cell diseases.

Three unique research articles, either published or in submission to peer-reviewed scientific
journals, were generated from this thesis, each of which addressed this project’s
hypotheses, aims, and expected outcomes. These articles demonstrated the power of
forward genetics in the identification of novel genes or alleles governing biological systems,
such as erythropoiesis, and also validated ENU as a suitable tool for the generation of
animal models that recapitulate human diseases. Two models of human congenital red cell
defects were generated through this project, one of which proved to be the first of its kind
described in literature (RBC16, reference 54), and another for which no treatment or rescue
study had been previously trialled in vivo (RBC19, reference 55). Future investigations of
these models may result in the identification of novel therapeutic targets or clinical

treatments for their respective diseases, both of which (hereditary coproporphyria, and TPI
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deficiency, respectively) currently lack adequate long-term management strategies for
patients. The heterogeneity of HCP and the lack of genotype-phenotype relationship in
patients remains a significant hurdle in developing suitable therapies that effectively target
the haem synthesis pathway. Animal models that recapitulate the biochemical abnormalities
of the human condition, as witnessed in the RBC16 strain, will be instrumental in measuring
the effectiveness of novel drugs or inhibitors that will likely emerge in the near future. In the
case of TPI deficiency, the severity and lethality of the disease highlights the immediate
need to invest in translatable research using adequate animal models. RBC19 provided the
fundamental evidence that transplantation may be a viable treatment option for patients,
which is yet to be explored clinically. The third mutant (RBC21, reference 56), while not a
model of a known human disease, offered new insights into the phenotypic variations that
we now know exist amongst mice harbouring Tfrc mutations. Since iron deficiency is the
most prevalent cause of microcytosis in the global population, understanding the complex
intracellular mechanisms of the iron metabolism pathway is key to improving the diagnosis of
non-dietary causes of iron deficiency in patients. To date, many intracellular red cell
pathways, such as the internalisation and trafficking of iron, remain poorly explored. The
wider incorporation of new technologies (Amnis) will also improve our understanding of

these elusive molecular mechanisms.

The completed investigations outlined in this thesis, demonstrated in the form of three
unique published/submitted articles, collectively demonstrate significant additions to our
understanding of the genetic regulators of erythropoiesis, as well as the underlying
molecular mechanisms of selective human red cell diseases. As congenital red cell defects
remain a substantial global health burden, the establishment of animal models that
phenotypically recapitulate human diseases, through methods such as ENU mutagenesis,
will continue to play a vital role in the understanding of disease pathogenesis and erythroid

developmental pathways.
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