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ABSTRACT

Hereditary blood diseases are prevalent in the Kingdom of Saudi Arabia. The majority of these blood
disorders are sickle cell disease and B-thalassemia with variants located on the beta globin gene (HBB).
Aim: To determine the profile of novel or previously reported causative mutations in more than 150
transfusion dependent individuals using TagMan genotyping and next-generation DNA sequencing. In
addition, | explored the genomic variation in a family with transfusion dependency but without a
definitive genetic diagnosis related to HBB. | also attempted to detect unknown genetic variations in
functionally related genes and applied in-silico analysis of the detected variants to propose candidate
genes that may contribute to the severe etiology of thalassemia within a family. Methods: To identify
HBB variants, | conducted Tagman genotyping tests using SCD, ¢.92+5G>C, c.92+1G>A, ¢.93-21G>A,
€.27dupG, and c.118C>T as the most frequently identified HBB variants within the Saudi population.
After that, targeted next generation sequencing was performed on samples with either negative or
only heterozygous results for these variants. The use of different molecular techniques including MLPA
alpha thalassemia, whole exome sequencing, cytoscan HD array, and whole genome sequencing was
undertaken on samples that needed further investigation. Implementation of different data filtering
approaches and several in-silico techniques were utilized to investigate the detected variants. Results:
After Tagman genotyping of the 154 DNA samples, 100 samples were either homozygous or compound
heterozygous for the most frequently known HBB variants. The rest of these samples were sequenced
using targeted NGS and 20 different common and rare HBB variants were identified. Three out of the
154 samples did not have any apparent HBB mutation and further investigation was applied using
additional molecular techniques. This led to the identification of two gene candidates, SMC5 and
TALDO1, with possible novel associations in increasing the severity of clinical manifestation in
transfusion-dependent patients with heterozygous pathogenic variant of beta thalassemia.
Conclusion: Beta thalassemia is a heterogenous disease with a wide range of clinical severity and the
steps towards identification of the underlying genetic cause of the phenotype is different from case to
case and may require a combination of several molecular techniques. Therefore, the interaction of
illness-causing variations with the rest of an individual's genome is crucial to gaining a complete
understanding of the condition. Excellent detection rates in less time may be achieved with a

specialized filtering technique and strategy, making this an option for primary laboratory workflow.
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GENERAL INTRODUCTION

Page | 1



1.1 Red Blood Cells (RBC)

More than 5 liters of blood are present in the normal adult human body. Blood transfers waste
products from living cells and supplies them with nutrients and oxygen. Furthermore, it transports
immune cells that control infections and has platelets that can block injured blood vessels to stop
blood loss. The circulatory system allows blood to adjust to the body's requirements. Heart rate
increases during exercise, and increased blood flow increases the available oxygen and glucose to
heart, brain, and muscles. During an infection, more immune cells are transported by blood to the
infection site, where they gather to generate and regulate an immune response against existing

pathogens (Corrons et al., 2021a).

Blood is composed of plasma and various cell types that include red blood cells (RBC or erythrocytes),
white blood cells (WBC), and platelets. The main function of RBC is to deliver oxygen to our body's
tissues to aid in mitochondrial oxidative phosphorylation. Oxygen is the principal terminal oxidizing
agent for catabolism that converts organic materials to carbon dioxide and water and part of the
released free energy is turned into that of high energy phosphate bonds. The hematopoietic lineage
accounts numerically about 90% of human cells (Sender et al., 2016), with RBC accounting about 40%

of blood by volume.
1.2 RBC structure

For the erythrocyte to be able to sustain traveling through the blood circulation, it requires a
membrane that is both deformable and elastic. This membrane, which is composed of a lipid bilayer,
transmembrane proteins, and membrane skeleton proteins, fulfills both of these requirements. The
contemporary model of the RBC membrane skeleton was initially postulated in 1979 (Lux, 1979), and
since then, various new proteins have been found, and their structures and interactions have been
studied and described. RBC can bend and stretch and can bind to chemokines and pathogens
(Anderson et al., 2018) (Minton, 2021). RBC have biconcave shape, which enlarges the total surface of
the cell (Piety et al., 2016). Energy plays a crucial role in maintaining the biconcave resting form of RBC.
As ATP levels drop in the cell over time, the shape of the cell progressively become more spherical and
stiffer. RBC are microscopic, with a diameter of only 6-7 um, which makes it easier for them to alter
shape and squeeze through capillaries and thus expose surface directly to the endothelial cell
membrane. RBC shape and size enables them to circulate through the body within 60 seconds. The

RBC membrane has a variety of effects, and their composition has a significant impact on RBC’s
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functions. The lipid bilayer contains numerous transmembrane proteins in addition to its basic lipidic
components. Since it determines several physical characteristics including membrane permeability
and fluidity, the lipid composition is significant. The membrane skeleton is a structural network of
proteins positioned on the inner surface of the lipid bilayer. Proteins make up half of the dry membrane
mass in RBC for most mammals including humans, while lipids, specifically cholesterol and

phospholipids, make up the other half (Pretini et al., 2019).
Membrane lipids

The lipids of the cell membrane are found in an asymmetrical uneven distribution throughout the
bilayer membrane with equal proportions of cholesterol and phospholipids. This distribution reflects
a steady state that involves a continual exchange of phospholipids between the two hemileaflets of
the bilayer (Fasano & Chou, 2016). The outer layer of the phospholipid bilayer consists of choline
containing phospholipid (phosphatidylcholine and sphingomyelin) while the inner layer consists of
amine containing phospholipid (phosphatidylethanolamine and phosphatidylserine). In pathological
state such as in sickle cell disease and thalassemia, the asymmetry of the phospholipids is lost, and the
PS translocate from the inner to the external half of the bilayer marking RBC to be engulfed by
macrophages. Phosphatidylserine is involved in apoptotic cell identification and functions as a

molecule that bridges several ligands (Kay & Fairn, 2019).

Interaction between hemoglobin and membrane proteins

Two different types of proteins, integral (within lipid bilayer as transporter molecules) and peripheral
(scaffold anchoring and cytoskeletal proteins), make up the erythrocyte’s membrane. Integral
proteins, which span the entire cell membrane's thickness, are more in molecules number (70%) than
peripheral proteins (30%). Integral proteins are intrinsic proteins with hydrophobic or hydrophilic parts
that are permanently embedded in the plasma membrane and binds to the phospholipid bilayer
electrostatically or by non-covalent interactions, with high interaction with the bilayer hydrophobic
core such as glycophorins (heavily glycosylated), transporter proteins (band 3), and NADPH
dehydrogenase. Band 3, named after its gel electrophoresis migration, maintains and preserves
protein-protein interactions, serves as an ion transporter, and provides binding sites for hemoglobin,
skeleton proteins (ankyrin), and glycolytic enzymes (hexokinase, phosphofructokinase, pyruvate

kinase). NADPH dehydrogenase protects against free radicals and oxidative damage, maintains
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glutathione (GSH) in a reduced state, and reduces biliverdin in liver to bilirubin (Lux, 2016) (Moon et

al., 2020).

Membranes are selectively permeable to bicarbonate. The transport of bicarbonate through
membranes is essential for CO2 metabolism and pH homeostasis in cells. Transmembrane bicarbonate
flow is facilitated by the ubiquitous expression of bicarbonate transport proteins in mammalian cells
(Sterling & Casey, 2002). A major part of the red blood cell membrane is taken up by proteins that act
as anion exchangers (such as bicarbonate) which enable RBC to maintain the right balance between
the water and solute content of the extracellular and intracellular spaces, which is necessary in order
to maintain the normal physiological functionality and homeostasis of RBC (Azouzi et al., 2018). Most
of the negative surface charge that red blood cells need to repel each other and the vascular wall is
provided by glycophorins (Aoki, 2017). Glycophorins also carry Plasmodium receptors, a variety of

viruses and bacteria, and the blood group (Jaskiewicz et al., 2019).

Peripheral proteins are extrinsic proteins with hydrophilic parts found on the inner or outer surface of
the phospholipid bilayer, reversibly attached to the plasma membrane without penetrating the bilayer
and extending into the cytoplasm, interacting with integral proteins and lipids. The structural protein
spectrin is the major peripheral protein of the membrane skeleton. It is made up of alpha and beta,
which are structurally similar to one another. A peculiar trait of spectrin is that it is very flexible and
may take different conformations. The a-chain and the B-chain are aligned in antiparallel fashion to
create a dimer. These dimers join together to create a tetramer, which is characterized as being lengthy
and wormlike in appearance. Spectrin proteins form two junctions with integral proteins. The first
junction forms with glycophorins by the non-covalent attachment of the two ends of the spectrin
tetramer to short actin filaments in a horizontal interaction. Band 4.1 protein and adducin are two
other proteins that play a role in facilitating this interaction. Actin filaments (F-actin) create the nodes
of a two-dimensional meshwork of fibers network by joining multiple spectrin tetramers. The second
junction forms through spectrin interactions with the cytoplasmic domain of band 3 via ankyrin protein
(vertical interactions). In addition, the peripheral membrane protein 4.2, through its interactions with
ankyrin and band 3, contributes to the process of connecting the skeleton to the lipid bilayer (Li &
Lykotrafitis, 2014) (Paradkar & Gambhire, 2021). The development and breaking of junctional
complexes, which allow cytoskeletal proteins to retain their fluctuation and reversible deformability is
an energy dependent process. This uncommon property of assuming various conformations and

reversible deformability is essential for the elasticity of membranes.
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1.3 RBC regulation and development

Erythropoiesis is a process that takes roughly seven days during which RBC (or erythrocytes) properly
mature from committed stem cells and are then released into the bloodstream from the bone marrow
where they are continually produced. It is a multistep process that may be broken down into the initial
erythropoiesis stage (in bone marrow), terminal erythroid differentiation (in bone marrow), and
reticulocyte maturation (in circulation) (Figure 1). Erythroid disorders may occur if defects were

encountered during any of these steps.

Red Blood Cell Development

Burst- Colony-

- forming-unit forming-unit )
Hematopoietic Erythroid Erythroid Erythroblasts Reticulocytes Enucleated Red
Stem Cells Cells (BFU-E) Cells (CFU-E) Blood Cells

® ®
@“)o) _. ®y

The initial erythropoiesis stage Terminal erythroid differentiation Reticulocyte maturation

Figure 1: Different stages of red blood cell development.

The initial erythropoiesis stage starts in the bone marrow from a small multipotent population of HST
developing the erythroid progenitors BFU-E which matures into the late erythroid progenitors CFU-E.
Also in the bone marrow, these cells further differentiate into erythroblasts (terminal erythroid
differentiation) which gradually get filled with hemoglobin and the nucleus get expelled. After that they
are released into the bloodstream as reticulocytes and continue maturation. Detailed description is
provided in the text below. Created with BioRender.com

In the bone marrow, the development of erythroid precursors (erythroblasts) generated from small
population of multipotent stem cells (erythroid progenitors) in the mesenchyme to become mature
erythrocytes go through several morphological changes during erythropoiesis (Dzierzak & Philipsen,
2013) (Corrons et al., 2021b). Starting from a slow proliferating burst forming unit (BFU-erythroid), the
earliest progenitor committed to the erythroid lineage. BFU-erythroid show low expression of
erythropoietin (EPO) receptors. EPO is kidney (and adult liver) derived cytokine receptor protein
(glycoprotein hormone) that stimulates the production of erythrocytes. BFU-erythroid mature into
rapid proliferating colony forming unit (CFU-E), a late erythroid progenitor that is highly dependent on
erythropoietin (EPO) (Gregory & Eaves, 1977). Erythropoiesis also relies on fibronectin, a protein found

in the extracellular matrix. CFU-E erythroid progenitor cells divide twice, increase transferrin receptor
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expression, and start expressing Ter119 (erythroid specific marker) and hundreds of other genes
essential to erythroid development. While EPO is necessary, fibronectin is not at this time. Two or
three rounds of fast cell division occur on day two, with S and M phases being dominant and G1 and
G2 phases are very brief or nonexistent. Even though EPO is not required for the final one or two cell
divisions and promotion of enucleation, fibronectin adhesion is (Migliaccio, 2010) (Moras et al., 2017)
(Rieu et al., 2000) (Ji et al., 2011). The cell then further differentiates into an erythroblast with
decreased cell size, condensed chromatin, and fewer EPO receptors. The genes that produce globin
proteins are activated as cells develop. The erythroblast is gradually filled with hemoglobin over 2-5
days, and the nucleus is expelled to produce enucleated cells (Granick & Levere, 1964). Mature

erythrocytes are unable to produce proteins because they lack functioning ribosomes.

Macrophages play an essential role throughout the lifespan of RBC from the beginning in the bone
marrow, in circulation, until the end in the spleen or liver. In 1958, using transmission electron
micrographs of bone marrow sections, Marcel Bessis discovered the erythroblastic islands (EBI), which
are anatomical niches where terminal erythroid development and hemoglobin synthesis occurs
(Bessis, 1958). Typically, in EBI, macrophages are at the central of each island, surrounded by erythroid

cells.

The interaction between erythroblasts and macrophages is mediated by adhesion molecules such as
integrin-41 (which is found on erythroblasts) and Vcam1 (which is found on central macrophages)
(Sadahira et al., 1995) (May & Forrester, 2020). These erythroblast cells are in various stages of red cell

development anchored within the island by the macrophage.

These macrophages help the developing erythroblasts with heme synthesis by providing them with
iron, as well as secrete cytokines to provide them with cellular connections that are required to
stimulate erythroid differentiation and proliferation (Lee et al., 1988) (W. Li et al., 2019) (W Li et al.,
2019). In addition, it has been demonstrated that the central macrophage is responsible for
phagocytosing the enuleated erythroblast’s expelled pyrenocytes (condensed nucleus with a little
cytoplasm and plasma membrane) (Seki & Shirasawa, 1965) (Leimberg et al., 2008) (May & Forrester,
2020). EPO promotes erythropoiesis by acting on erythroid cells and erythroblastic island macrophages
concurrently in the niche. The erythropoietin receptor EpoR was found expressed in mice and humans

by both erythroblasts and EBlI macrophages (Li et al., 2021).

Medullary macrophages are believed to be heterogenous, or at least not all at the same developmental
stage, and their roles are tied to where in the bone marrow they are found. Macrophages near
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sinusoids are associated with erythroblasts in the late stages of differentiation, but macrophages
dispersed throughout the bone marrow are more likely to be close to erythroblasts in early
development stages. Whether these macrophages are separate cells, or they move towards sinusoids

and mature as erythropoiesis progresses is still debated (May & Forrester, 2020).

After that, they are released from the bone marrow into the bloodstream where they continue to
mature as circulating reticulocytes until they become fully matured erythrocytes (Hattangadi et al.,

2011).

Reticulocytes retain cytoplasmic organelles which make them able to produce proteins and perform
oxidative phosphorylation to generate ATP. Organelles and mRNA are lost after one to two days from
their release into the bloodstream, and they mature into erythrocytes (Wijk & Solinge, 2005b). During
this time, the erythrocyte undergoes substantial membrane remodeling, resulting in its characteristic
biconcave shape. Both reticulocytes and erythrocytes are free of EPO receptors are no longer

responsive to EPO (Gifford et al., 2006).

RBC have no mitochondria; therefore, they use none of the oxygen they carry to produce ATP via Krebs
cycle. Instead, for the mature erythrocyte to be able to perform metabolic processes, they mainly use
and store ATP produced by anaerobic glycolysis of glucose by the Embden-Meyerhoff pathway which
is consistent with the fact that red blood cells are responsible for carrying oxygen to where it is needed
rather than utilizing the oxygen themselves. RBC cannot produce new proteins to replace a damaged
or otherwise inactive enzyme in red blood cells. Glycolysis involves a redox and a series of
phosphorylation reactions, and several steps of enzymatic catalysis of phosphorylated intermediates
to yield a net gain of two moles of lactate or pyruvate, two moles of ATP, two NADH, two H20, and
two H* from one mole of glucose with no oxygen consumed nor CO; produced (Figure 2). The insulin-
independent glucose transporter (GLUT1), a red cell membrane protein, facilitates the entrance of
glucose into erythrocyte via diffusion. Most of the glycolytic intermediates involved in the glycolysis
process are used in maintaining membrane electrical activity which is needed to expel bicarbonate in

exchange for chloride.

Furthermore, the pentose-phosphate pathway is used to produce and dephosphorylate 2,3-
bisphosphoglycerate (2,3-BPG), the Rapoport-Luebering Shunt (RLS), from the glycolytic intermediate
1,3-bisphosphoglycerate. In the RLS, bisphosphoglycerate mutase shifts the 1-acylphosphate into the

low-energy 2-position, an irreversible reaction (and effectively wastes one ATP) (Figure 2). This is
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important as 2,3-bisphosphoglycerate directly reduces the affinity of hemoglobin for oxygen through

its high affinity for deoxygenated hemoglobin (Wijk & Solinge, 2005b).

rhof Pathway )
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Figure 2: Embden-Meyerhoff pathway of glycolysis.

The energy-consumption phase, which occurs initially during glycolysis, involves the consumption of
two ATP molecules to facilitate the processing and conversion of glucose into two 3-carbon sugar
phosphates, namely dihydroxyacetone phosphate and glyceraldehyde-3-phosphate (G3P). The energy-
release phase is initiated by the G3P, whereas its isomer, dihydroxyacetone phosphate, requires
isomerase conversion to become G3P in order to advance to the energy-release phase. The second
phase of glycolysis which is the energy-release phase, involves the production of energy-rich molecules
(ATP and NADH). During this phase, each G3P molecule produces one NADH and two ATP molecules.
The products and reactants of the processes occurring in this phase would be multiplied by two through
the conversion of dihydroxyacetone phosphate to G3P. The energy-release phase can thus be
anticipated to consist of two NADH molecules and four ATP molecules. Reproduced with permission
from: (Wijk & Solinge, 2005a)
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Growth factors, transcription factors, and cytokines in the bone marrow play a crucial role in regulating
and controlling of the erythropoietic process. Both the local oxygen environment and the relative
amount of hypoxia are responsible for controlling the pace at which the circulating hormone EPO gene
transcription occurs. The production process of EPO by the interstitial fibroblasts of the kidney in
response to low oxygen tension involves the participation of several transcription factors, includinthe
hypoxia inducible factor and the GATA binding proteins. EPO mRNA expression is negatively controlled

by the binding of GATA-1,2, and 3 proteins to EPO promoter region.

Additionally, expression of GATA-2 is crucial for the regulation of committed erythroid progenitors
while the expression of GATA-1 is crucial to erythroblast’s terminal differentiation. Also, the expression
of target genes required to induce the maturation of erythroid cells and ultimately globin genes
expression is controlled by the relative proportional expression of GATA-1 and GATA-2 (Zivot et al.,
2018). Many intracellular signal transduction pathways are activated in response to oxygen availability
in the kidney and the binding of EPO to its receptor on the surface of erythroid progenitors.
Erythropoietin serves as part of a feedback loop that ensures red blood cell synthesis is balanced with
destruction and that there are enough red blood cells to maintain optimal tissue oxygen levels in

healthy individuals.

These activated pathways include the signal transducer and activator of transcription 5 (Stat5),
phosphoinositide-3 kinase/Akt, and Shc/Ras/mitogen-activated kinase (MAPK) pathways. Although
blocking of MAPK pathway would only have a mild effect on terminal erythropoiesis (Zhang & Lodish,
2007), a blocking of Stat5 does lead to an early progenitor’s termination or erythrocyte production will
be drastically decreased (Hattangadi et al., 2011). There is a substantial rise in the number of early
erythroblasts of hematopoietic tissues of Stat5a and 5b knocked out mice, that do not progress to
differentiation and maturation. The severity of anemia (presented in these mice) is correlated with the

increase in apoptosis of erythroblasts (Socolovsky et al., 2001).

In circulation, the macrophages in the liver and spleen continually survey erythrocytes based on
interactions between RBC surface molecules and receptors on macrophages. They can identify and
eliminate red blood cells that are damaged or have reached the end of their lifespan. Iron from these
cells' hemoglobin molecules can be recycled by macrophages and reused to nourish nascent
erythroblasts. (Crosby, 1957) (Corrons et al., 2021a). Recognition of senescent RBC depends mainly on
the expression of specific molecules on the membranes of both RBC and macrophages that leads to

either induction or inhibition to phagocytosis. The binding of cluster differentiation 47 (CD47)
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molecule, a transmembrane surface protein, which is expressed on the surface of RBC, to the molecule
CD172a (SIRP-a), expressed by macrophages, inhibits phagocytosis. On the other hand, aging cells
gradually lose their expression of CD47 which makes them susceptible to degradation in the spleen by
macrophages. Conversly, CD47 has been shown to undergo conformational change in aging RBC that

leads to switching its signal from inhibition to activation to phagocytosis (de Back et al., 2014).

Normally, defective cells are eliminated by undergoing apoptosis that requires mitochondria and
nuclei. Instead, because RBC have no nucleus or organelles, they undergo ‘eryptosis’ instead. The
exposure of phosphatidylserine (PS) on the outer cellular membrane of senescent erythrocytes,
membrane blebbing, and cell shrinkage are a key mark for macrophages recognition (stimulates
phagocytoses). Stress factors such as hyperosmolality, oxidative stress, low energy levels, being
exposed to xenobiotics, or CI- removal from the cytoplasm and the extracellular environment cause an
increase in cytosolic calcium (Ca*?) levels. Phospholipase A2 (PLA) and cyclo-oxygenase (COX) are
activated in response to osmotic stress and Cl elimination, leading to prostaglandin E2 (PGE2)
production. PGE2 raises intracellular Ca*? levels by activating non-selective cation channels. Elevated
cytoplasmic Ca*? activates calpain (cysteine endopeptidase) which leads to breakdown of the
anchorage of the cytoskeleton to the lipid bilayer of the erythrocyte, which in turn causes the
membrane of the cell to bleb. In addition, osmotic stress induces the translocation of PS from the inner
leaflet and expose it on the cell’s surface by stimulation of ceramide production and contributes to the
increase of cytosolic calcium ions as well. Upon Ca*? elevated levels, the Ca*? -sensitive K* channel is
activated, causing the RBC to dehydrate and shrink as K* and CI" are released in synchrony (Lang et al.,
2012). Macrophages recognize and bind to the exposed PS by their membrane-expressed scavenger
receptors (TIM4, CD36, and TAM receptor family) which leads to phagocytosis of RBC (Schroit et al.,
1985) (Zhang et al., 2022) (Repsold & Joubert, 2018).

EPO is considered an inhibitor to eryptosis by inhibiting the Ca*2-permeable cation channels. Cell size
reduction, membrane blebbing and scrambling leading to exposed PS are all hallmarks of apoptosis,
which are also present in eryptosis. RBC eryptosis is regulated by several kinases. In contrast to AMP-
activated kinase (AMPK) and cGMP-dependent protein kinase (cGKl) inhibition of eryptosis by
inhibiting calcium entry into the cell, protein kinase C (PKC) and casein kinase 1-alpha (CK1-alpha) can
trigger eryptosis through increasing calcium entry. If erythropoiesis is stimulated in conjunction with
eryptosis, the total number of erythrocytes in circulation will stay stable. An elevated reticulocyte

count is evidence for the accelerated erythrocyte turnover. If the production of new erythrocytes is
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unable to keep up with the rate of destroyed ones, anemia will develop (Lang & Lang, 2015) (Corrons
et al., 2021a). Enhanced eryptosis and higher levels of PS expression have been found in patients with
sickle cell anemia, glucose-6-phosphate dehydrogenase deficiency, spherocytosis, and thalassemia,
which cause the drastically shortened lifespan of RBC, a hallmark characteristic of these diseases

(Wood et al., 1996) (Kuypers et al., 1998) (Lang & Lang, 2015).

In the embryo, primitive erythropoiesis starts in the yolk sac. After 8 weeks of gestational age, the liver
serves as the primary site for definitive erythropoiesis. The site of erythropoiesis moves into the bone
marrow around the gestational age of 32 weeks where it will continue throughout life (Corrons et al.,

2021a).
1.4 Hemoglobin structure

The protein hemoglobin (Hb) found in red blood cells is in charge of transporting oxygen to the body's
tissues. The crystal structure of hemoglobin in both its oxygenated and deoxygenated phases was
solved by Perutz in 1970. These structural investigations revealed an abundance of information that
provided insights into the remarkable molecular processes and precise explanation behind its
physiological role as an oxygen transporter. Because of this, the clinical presentations of many of the
"hemoglobinopathy" disorders can be understood in terms of the molecular structure underlying
them, and hundreds of known mutations in the globin genes and proteins that can affect the

hemoglobin may be explained.

Human hemoglobin research during the past 60 years has been crucial in the development of
molecular medicine. The discovery of how hemoglobin is responsible for delivering oxygen to the areas
of the body in which it is required the most was achieved by Reinhold and Benesch. They explained
that the accumulation of carbon dioxide in RBC triggers the hemoglobin molecule that oxygen has been
used up in the cell's metabolism of carbohydrates, and that the cell thus requires more oxygen. In
1967, they made the crucial finding that 2,3-bisphosphoglyceric acid in the hemoglobin molecule was
required for oxygen release at low oxygen tension by loosening the molecule's tightly bound oxygen
atoms. It binds to hemoglobin and hence stabilizes the structure of deoxyhemoglobin. It is present in
RBC at a high concentration and favors the dissociation of oxygen (Benesch et al., 1968) (Dailey &

Meissner, 2013).

The hemoglobin protein is a tetramer which consists of four protein subunits (globin chains). The

synthesis of the globin proteins occurs in the cytosol. Each one of the globin subunits contains a heme
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group that carries an iron atom (oxygen binding site). Heme synthesis occurs in the mitochondria and
the cytosol, involving a series of steps and is composed of the prosthetic group, porphyrin ring IX (4
nitrogen ring), which forms a complex with ferros cation iron (Fe?*) (Dailey & Meissner, 2013). The
alpha and beta subunits are formed of 7 helices, labeled A-H (the D motif is a loop). The E and F helices
of each subunit act as a binding pocket for heme (covalently attached), where the iron atom is shielded

from the aqueous environment (Figure 3) (Ahmed et al., 2020) (Marino et al., 2023).

Figure 3: Hemoglobin structure.

Showing the tetramer of 2 8 chains and 2 o chains with the iron-containing heme molecule between E
and F helices in each subunit. Source: reproduced with permission from “themedicalbiochemistrypage,
LLCc"

During translation or soon afterward, heme attaches to the hydrophobic cleft of the globin subunit.
The electrostatic interaction between a positively charged alpha-subunit and a negatively charged
beta-subunit plays a key role in the production of the alpha beta-dimer (Bunn, 1987) (Mollan et al.,
2010). The functional aB2 (HbA, major adult hemoglobin) tetramer is formed by the combination of
two identical a-globins and two identical B-globins, with B-globin being longer than a-globin by five
amino acid residues. Then, all four globins are folded together through interactions between
oppositely charged amino acids to give the final hemoglobin quaternary structure, which is held
together by hydrophobic interactions, hydrogen bonds, and salt bridges forming a tetramer that is

nearly spherical (Ouellette & Rawn, 2015).

Depending on the developmental stage, normal hemoglobin can take on a few distinct forms

combining different globin chains as shown in Table 1.
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Table 1: Different types of normal human hemoglobins with their chain composition and synthesis
stage.
Human hemoglobin Chain subunit composition Development state
Gower 1 2 zeta, 2 epsilon (&) Embryonic
Gower 2 2 alpha, 2 epsilon (a,e;) Embryonic
Portland 1 2 zeta, 2 gamma ({y>) Embryonic
HbF 2 alpha, 2 gamma (ay2) Fetal
HbA2 2 alpha, 2 delta (026;) Adult
HbA 2 alpha, 2 beta (a,pB>) Adult

Both gene clusters that control the production of different beta and alpha subunits exhibit the same,
rigorously controlled pattern of expression during both whole-body development and individual
erythrocyte differentiation, despite being positioned on different chromosomes and in very different
chromosomal contexts. After translation of alpha and beta subunits, they form a dimer and insert a
heme. Erythrocyte development relies on delicate balancing in the production of the two globin chains,
since an excess of either chain and accumulation of free unbound beta or alpha subunits is extremely
harmful to the survival of red blood cells and may result in cytotoxic precipitates. Multiple findings

suggest that erythroid cells employ adaptive mechanisms to maintain free Hb and limit its toxicity.

Misfolded or toxic proteins are first identified and removed by proteolytic mechanisms. Therefore,
erythroid cells have routes to digest excess free subunits, although the molecular processes were
poorly understood (Shaeffer & Kania, 1995). In erythroid precursor cells, an effective adenosine
triphosphate-dependent proteolytic system targets free subunits while leaving formed dimers and
tetramers unharmed. Moreover, the presence of a chaperone called alpha-hemoglobin stabilizing
protein (AHSP), highly produced in erythroid cells, binds selectively and firmly to heme-intact free
alpha-globin subunits exclusively at the alpf1 dimer interface with lower affinity than beta globin
subunit, and protects the erythroid cells against the toxicity of oxidized (Fe3*) heme until being reduced
to Fe?* by cytochrome b5 reductase. The alpha-globin subunit dissociates from AHSP when it comes
into contact with a free heme-bound beta-globin subunit to form the stable alpha-beta dimer (Kihm
et al., 2002) (Forget & Bunn, 2013) (Ahmed et al., 2020). However, when compared to free alpha
subunits, which tends to self-associate into homo-tetramers that lend some stability, free beta
subunits are more unstable because they reside mostly as monomers (F. Bunn & B. Forget, 1986) (Yu

et al., 2007). Purified protein experiments in vitro and crystallographic studies revealed that AHSP
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share the same binding on alpha globin as the beta globin, therefore, AHSP binds alpha globin subunits
but not beta subunits (Feng et al., 2004) (Kihm et al., 2002). Energy-dependent proteases degrade
irreparably damaged proteins, whereas molecular chaperones, which are present in high levels during
erythropoiesis, support and stimulate normal protein folding, help fine-tune and improve the
efficiency of protein synthesis, and prevent aggregation in immature erythroblasts and reticulocyte
stage. Whether a protein is destroyed before it folds properly is dependent on the kinetics of
partitioning between chaperones and proteases. When neither method of quality control is effective,

aggregation and clumping of defective proteins occur (Wickner et al., 1999) (Bukau et al., 2006).

AHSP is not predicted to inhibit HbA (a232), predominant adult hemoglobin, production or function at
physiologically relevant concentrations of alpha and beta subunits because beta subunits bind more
tightly to alpha subunits than AHSP. Generation of reactive oxygen species (ROS) generation by free
alpha globin is decreased in vitro by using recombinant AHSP, and the protein's thermostability is
improved and its tendency to precipitate is blocked. On the other hand, hemolytic anemia and
elevated levels of reactive oxygen species (ROS) in erythroid cells and alpha subunits precipitates, seen
in AHSP knocked down mice, show that AHSP plays a crucial role in hemoglobin homeostasis (Kong et
al., 2004) (Yu et al., 2007). It is not known whether or if there are additional chaperones that aid in the
maturation of the other globin subunits in erythroid cells (Ghosh et al., 2018). Nevertheless, since
maturation of hemoglobin tetramers is dependent on heme integration into each globin, Ghosh and
colleagues have examined the maturation of hemoglobin in cells that naturally express Hb-a with Hb-
v (K562 and HiDEP-1 cells), or with Hb-B (HUDEP-2) and found that in erythroid precursor cells, another
protein, heat-shock protein 90 (hsp90), works in tandem with AHSP during erythropoiesis to generate
functional hemoglobin tetramer by binding to beta globin subunits, beta (adult) and gamma (fetal)
globin, and promote their heme insertion, and subsequently dissociate to allow binding of alpha

subunit and formation of the heterotetramer (Ghosh et al., 2018).

The two most significant parts of hemoglobin in an erythrocyte are globin chains and iron-containing
heme groups. When RBCs are old or damaged, they are phagocytosed by macrophages and the
components are separated. In parallel with the iron being drawn from heme, the polypeptide globin
chains are broken down into amino acids. Heme is converted into bilirubin while the iron is later
transported to the bone marrow by transferrin proteins to be employed in fresh cycles of
erythropoiesis. Bilirubin is eliminated through urine and feces after going through additional changes

in the liver and intestines (Corrons et al., 2021a).
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Each hemoglobin molecule has four iron atoms. Therefore, each hemoglobin molecule can carry four
oxygen molecules reversibly and loosely in a positively cooperative process (Thom et al., 2013). The
oxygen affinity of hemoglobin subunits rises as the molecule binds each oxygen. About 300 times as
much energy is released in binding the fourth oxygen as the first. This cooperative process results in a
sigmoidal oxygen dissociation curve (Thomas & Lumb, 2012). Hb is in equilibrium with oxygen between
the relaxed R (oxy) and tense T (deoxy) tetrameric states. In order for oxygen to bind, there must be a
certain amount of oxygen tension (local partial pressure) present. At saturating oxygen tensions all
four sites will be occupied. The tetramer-dimer interface rearranges its subunit connections, and the
location of the R/T equilibrium shifts as Hb either binds or releases oxygen. The binding of one oxygen
molecule to an iron atom triggers and enhances the binding of the next oxygen at the other sites by
the aB dimer rearrangement (15" rotation with respect to the other dimer), thus, changing the
structural state of the hemoglobin in an allosteric effect. Likewise, oxygen dissociation is facilitated by
low oxygen tension, once fully oxygenated hemoglobin loses one of its oxygen molecules, the rest of
the molecules will readily be released. Additionally, 2,3-bisphosphoglycerate helps here too by binding
and stabilizing the deoxygenated conformation of subunits. (Monod et al., 1965) (Berg JM, 2002; Chou,
1989) (Ahmed et al., 2020).

Alpha and beta chains make up the majority of the adult hemoglobin (around 97%), but there are other
polypeptide chains (globin proteins) that are associated with the hemoglobin, ya, vs, 9, €, €, 6, which
are activated according to the sequence of development from embryonic to fetal to adult which occurs

about 18 to 24 weeks after birth which will be discussed in details later on (Bunn & Forget, 1986).

1.5 Beta globin and alpha globin gene clusters

The human genome has two non-identical copies of the alpha globin locus, HBA1 and HBA2, which
encode identical alpha proteins, and a single beta globin gene HBB. Both HBA1 and HBAZ2 code for the
synthesis of the alpha globin chain, therefore normally, a person has four alpha functional genes rather
than just two (Hardison, 2012a). HBA1 and HBAZ2 are 4 kb long each, and located 3.4 kilobases apart,
with identical coding exons and first intron sequences. These genes are slightly different in their introns
and 5' untranslated regions, while significantly different in their 3' untranslated regions. Intron 2 of
HBA1 is 149 nt and HBAZ2 is 142 nt. The difference is deletion of CTCGGCC and one base substitution.
Previous studies have showed that HBA2 gene has 2-3-fold higher mRNA production rate than HBA1
(Hardison, 2012b; Liebhaber et al., 1980).
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The beta-globin cluster has five functional genes and 1 pseudogene, and the order of those genes is
5’- ¢ (HBE), Gy (HBG2), Ay (HBG1), B: pseudogene (HBBP1), 5 (HBD), B (HBB)- 3’on chromosome 11
(Efstratiadis et al., 1980; Lawn et al., 1980).

The globin gene clusters on chromosomes 11 and 16 contain pseudogenes in addition to the eight
functional globin genes. Between Ay and §, only one beta globin pseudogene (HBBP1) has been
discovered. The chromatin architecture that enables the interaction of the locus control region (LCR)
with globin genes at different stages of development appears to be maintained in part by HBBP1 (Ma
et al., 2021). The alpha-globin cluster has three functional genes, three pseudogenes, and two genes
of undetermined function (i and 01) in the following order 5’- T, 1, Yal, yu, a2, Yp, al, 61-3’
(Manning et al., 2007a) (Ju et al., 2020) (Albitar et al., 1989). The p-globin gene was incorrectly labeled
a pseudogene a2 until recently. Microarray examination of adult reticulocytes and samples from
cord blood allowed Goh et al. to show, however, that transcription of this gene occurs. Compared to
a-globin expression, p-globin expression was much lower. On the other hand, p-globin expression was

found to be higher than {and 681 (Hsiao & Jim, 2008) (Goh et al., 2005).
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Figure 4: The beta globin and the alpha globin gene clusters.

The single locus control region (LCR) controls the expression of the beta gene cluster, and the multi-species
conserved sequence regions (MSC-R) controls the alpha gene cluster and have the DNase 1 hypersensitive sites
within them. The earliest hemoglobin is the embryonically expressed globin which consists of 2{+2¢ (Gowerl),
and during embryogenesis the { globin becomes replaced by a globin (Gower 2). Also found in the embryonic
stage are small traces of Portland hemoglobin that consists of 2{+2y. In the fetal stage, 2a+2y subunits form
hemoglobin F (fetal hemoglobin) and at birth, the y genes are downregulated and the [ genes are upregulated
so that freplaces y, forming the adult a282 tetramer (HbA) which makes up 95-98% of normal adult hemoglobin.
The rest of adult hemoglobin is 2-1% of 2a+25 (HbA2) and >1% of fetal hemoglobin (Maniatis et al., 1980).
(Levings & Bungert, 2002). Figure source (Farashi & Harteveld, 2018). Permission under the terms of the Creative
Commons Attribution-NonCommercial-No Derivatives License (CC BY NC ND).
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All globin functional genes have the same exon-intron structure, which contains three functional exons
and two introns. Both alpha globin proteins contain 142 amino acids and their genes (HBA1 and HBA2)
are located at position 13.3 of the short arm of chromosome 16 (Figure 4) (Marengo-Rowe, 2006). On

the other hand, HBB encodes 146 amino acids.

The five beta globin-like genes are located specifically at band p15.5 of the short arm of chromosome
11 (Figure 4). All of these genes are restricted to the erythroid lineage by only being expressed in the

progenitors of erythroid cells precursors (Dzierzak & Philipsen, 2013).

Hemoglobin ontogeny involves two significant transitions: from embryonic to fetal hemoglobin then
from fetal to adult hemoglobin. The stage-specific activation of globin genes during development is in
sequence moving from 5’ to 3’ on the chromosome (in the centromere to telomere direction), as seen
in Figure 4, which is thought to be the result of competition for the enhancer element at the start of
the cluster forming sequentially more distant interactions (Wilber et al., 2011).

The specific enhancer and promoter elements of each gene in the region can regulate each gene's
expression in the red blood cell lineage, with the epsilon globin gene, for instance, being expressed in

the embryo (Figure 5).
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Figure 5: Schematic presentation of the globin chains synthesis during development.

Alpha globin synthesis is continuous throughout life. The epsilon globin is synthesized during the
embryonic stage, then declines to be replaced by the gamma globin after around 40 days post
conception. After birth, gamma globin begins to decline and is replaced with beta globin (higher
percentage) and delta globin (lower percentage). Gamma globin is still produced after birth but at a
low rate. Reproduced with open access permission from Springer Nature (Kwaifa et al., 2020).
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1.5.1 Control of hemoglobin switch

The construction of hemoglobin molecules with varying physiological characteristics results from
changes in the makeup of globin subunits that occur naturally during ontogeny in a clonal population.
The yolk sac serves as the primary location of erythropoiesis from weeks three through eight of
gestation. Early in gestation, the main embryonic hemoglobin generated contain the alpha-like
subunit, zeta as Gower 1 ({;€2), Gower 2 (az€2), and Portland (¢zy2) (Cividalli et al., 1974). Red blood cell
synthesis switches from the yolk sac to the fetal liver after the eighth gestational week, which contains
CD34+ hematopoietic multipotent progenitors since day 30 of human development, and subsequently
to the spleen in which fetal hemoglobin (auy2) takes over as the main hemoglobin generated. There
are two y genes, HBG1 (Ay) and HBG2 (Gy), that are only different in one amino acid. Ay has an alanine
at position 136 while Gy contains a glycine (Dzierzak & Philipsen, 2013) (Kazazian & Woodhead, 1973).

Production of beta-like subunits molecules of hemoglobin undergo two developmental transitions that
depend on time rather than site. These varying progenies, however, display a range of expression
levels for fetal and adult hemoglobin, are all descended from the same set of progenitors. The first
genetic switch in the developmental transitions is from the primitive embryonic hemoglobin in the
yolk sac to the definitive fetal hemoglobin in the fetal liver at the beta globin locus. A similar switch
occurs on the alpha globin cluster as well, but from primitive embryonic hemoglobin (zeta-globin) to
adult hemoglobin (alpha-globin). Almost 160 years ago, Korber and von Kruger were able to distinguish
fetal hemoglobin from adult hemoglobin using their resistance property to alkaline denaturation
(Korber, 1866) (Krtiger, 1888). Later, in 1934, differentiating fetal and adult hemoglobin by their
differential reaction kinetics (rate of hemoglobin denaturation in alkaline solution) was documented
experimentally by Brinkman et al. They used alkaline denaturation, as determined by a
spectrophotometer. Since the heme moiety between umbilical cord and adult blood was known, the
authors reasoned that the difference in alkaline resistance must be attributed to the "globin"
component of the molecule (Brinkman et al., 1934). Now, researchers are making significant headway
in understanding the molecular processes that control the expression of globin genes throughout
different stages of development using genetic methods and experimental work made possible by

mouse transgenic, knockout, and knockdown technologies.

Assembly of y-globin with adult alpha-globin subunits yields the fetal hemoglobin (HbF) tetramer
(a2y2). The second switch is when the HBG1 and HBG2 (y-globin) genes of the fetal cell begin to be
replaced by the adult HBB (B-globin) gene as the newborn period draws closer. This changeover occurs
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throughout the later stages of pregnancy and often lasts until around 6 months of age (Sankaran et al.,
2010). Many hemoglobin switching models were proposed as a result, which includes gene
competition, gene silencing, and chromatin looping. The first factor that determines stage-specific
expression was proposed to be the position of the genes in relation to the LCR (Tanimoto et al., 1999).
Using RNA fluorescence in situ hybridization, Wijgerde et al. demonstrated that, in day 12 mouse fetal
erythroid cells, the transgenic human y- and B-globin genes were mostly transcribed alternately, rather
than concurrently which supports the idea that LCR may activate each gene independently through a
direct connection. The transcription machinery was most often linked to the B-globin gene, which is in
line with B-globin being the main messenger RNA (Wijgerde et al., 1995). A further study supported
the idea of chromosomal looping by confirming direct contact of LCR sequences with a particular globin
gene promoter with using chromosome confirmation capture technique (Tolhuis et al., 2002).
Accordingly, these numerous proposed models do not compete with one another but rather enhance

one another.

Epidemiological and clinical reports have showed the positive outcome from elevated HbF levels in
ameliorating beta thalassemia and sickle cell diseases clinical complications (Steinberg, 2020). As a
result, a significant amount of work has been focused on gaining an understanding of the molecular
processes that are responsible for the developmental switch from fetal to adult hemoglobin. With the
current progress in understanding the underlying molecular mechanisms involved in hemoglobin
switching, a significant attention is directed towards stimulating human fetal hemoglobin production
and elucidating the regulation of the developing hemoglobin switches. This approach is motivated by
the principle that it would reduce the severity of B-hemoglobin diseases not only by reducing the levels
of precipitation of excess free alpha chains and rescuing RBC from the toxic effect of globin subunits
imbalance and ROS generation, but also by increasing hemoglobin levels and RBC survival (Perrine,
2005) (Lim et al., 2015) (Mukherjee et al., 2022) (Carrocini et al., 2011). Researchers in this field are
concluding that to treat patients effectively, a potent and therapeutic response from multiple agents

acting at different molecular levels will be required.

Moreover, several research teams, utilizing both targeted and genome-wide association analyses, in
the study of genetic variations that led to differences in HbF levels have found three chromosomal
regions containing common variations that alter HbF levels as potential regulators for HbF expression

that are not linked to the beta-globin locus (Lettre et al., 2008; Menzel et al., 2007; Thein et al., 2007).
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These regions include B-cell lymphoma/leukemia 11A (BCL11A) region on chromosome 2, and the

intergenic region between the HBS1L and MYB genes on chromosome 6 (Sankaran & Orkin, 2013).

There are two different temporarily overlapping lineages of erythroid cells in mammals as described
above. The yolk sac is the site of genesis for the primitive erythroid lineage, which produces nucleated
erythrocytes. These mature to completion (including enucleation) in the embryonic circulation.
Eventually, the definitive erythroid lineage takes over, giving rise to the smaller enucleated
erythrocytes that are responsible for the bulk of the body's oxygen transport during fetal and the
postnatal period (Palis, 2014). Hematopoietic stem cells (HSC) are responsible for definitive
erythropoiesis, but primitive erythropoiesis only takes place once from mesoderm cells (right after
gastrulation) in the developing embryo. Lineage-committed progenitors give rise to both lineages of
erythroid cells, each with distinguishable precursors that enucleate to create mature RBCs. Both
lineages are defined by the sequential passage of cells through a series of three compartments. These
compartments are referred to as progenitors BFU-E, CFU-E (EPO-dependent), and EryP-CFC,
erythroblast precursors, and red blood cells (reticulocytes and mature RBC), respectively. Rodent
models have been extensively studied for primitive erythropoiesis due to the inaccessibility of the early

human embryo (Figure 6).
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Figure 6: Definitive and primitive formation.

Primitive erythrocytes have distinctive cellular and molecular features that set them apart from

mature erythrocytes. During the process of fetal development, as primitive cells are gradually replaced
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by definitive erythroid cells, there is a changeover and a switch from the expression of embryonic
globin genes to the definitive globin genes. Gatal and KIfl are both critical transcriptional regulators
in both primitive and definitive erythropoiesis, although other regulators, including Myb, Sox6, and
Bcl11A, are differentially expressed and play diverse roles in the two processes. Hematopoietic stem
cells and their differentiated progeny continually form the definitive erythroid lineage. Variations in
globin gene expression are one way that the definitive and primitive lineages may be told apart from
one another. Primitive erythrocytes are the only cells that express primitive embryonic globin genes
and have been found to undergo maturation and hemoglobin switch from Gowerl ({;€2) to Gower2
(a2€2) with dependency on EPO for their complete maturation (Qiu et al., 2008) (Malik et al., 2013).
Within the primitive erythroid lineage, expression of erythroid globin genes has been found; however,

this expression is at very low levels (Kingsley et al., 2006).

1.5.2 Control of beta and alpha globin gene clusters

Expression of the globin gene clusters is tightly regulated by a complex network of trans-acting
proteins, such transcription factors, and cis-acting regions that operate as promoters, enhancers, and
silencers of gene activity. Through specific protein-protein interactions, transcription factors regulate
gene transcription by recruiting RNA polymerase |l to build DNA-protein complexes with sequences in
regulatory regions of the globin gene cluster. Also, modifications to chromatin structure, which affect
gene expression across whole globin gene clusters, are mediated by transcription factors (Chen &
Pugh, 2021). Numerous transcription factor proteins, including GATA1, NFE2, and KLF1, have been
found in the nucleus of erythroid cells. GATA factors are considered as ‘master’ transcription factors
crucial for erythropoiesis (Gutiérrez et al., 2020). GATA1 knocked out mice develop embryonically fatal

anemia (Migliaccio, 2020) (Katsumura & Bresnick, 2017).

Since GATA1 identifies and binds the DNA sequence motif (T/A) GATA (A/G), it was given that name.
GATAL1 is a DNA-binding protein that has two critical zinc fingers, the first is for DNA binding on the
terminal C finger, and the other is the N finger for the physical binding of a zinc finger protein that acts
as a cofactor named FOG1 (ZFPM1), friend of GATAL. The formation of GATA1/FOG1 heterodimer is
required for GATA1 activity (Yu et al., 2002) (Fox et al., 1999) (Gutiérrez et al., 2020). The DNA sequence
motif (T/C) GCT GA (C/G) TCA (T/C) is recognized by the protein NFE2 which functions as a

transcriptional activator through cis-elements interaction with the locus control region of the beta
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globin genes and belongs to the B-zip (basic leucine zipper) family (Lecine et al., 1998). Some
researchers speculate that the erythroid Kruppel-like factor EKLF, also known as KLF1, is the most
specific of all the erythroid transcription factors that have been found so far. It binds to the cis
regulatory sequence CCACACCCT. The beta-globin gene promoter is a specific target of EKLF
interaction (CAC box), suggesting that this protein may modulate the delta-beta switch. Lack of the
EKLF gene is incompatible with life in mice due to ineffective fetal liver erythropoiesis (Nuez et al.,

1995) (Perkins et al., 1995).

Another transcription factor KLF1 which has erythroid lineage specificity binds to the CACCC box and
initiates beta globin gene transcription and may be involved in the last stages of human HbF silencing
since it favorably binds to the gene promoter of the beta-globin over the y globin. Mutations in the
highly conserved CACCC motif of KLF1, located in the LCR region of beta globin cluster (HS1-HS3) can

cause human beta-thalassemia by altering chromatin structure at this site (Miller & Bieker, 1993).

Mammalian B-globin loci were among the first cloned and sequenced gene loci, and as such have
served as a valuable model system for the investigation of gene regulatory mechanisms (Fritsch et al.,
1980). Since their cloning, researchers have learned a great deal about the mechanisms that regulate
B-globin loci gene expression. The locus control region (LCR) was discovered to be a potent upstream

enhancer of the B-globin loci, whose role is crucial for optimal gene expression.

To turn genes on and off in a stage-specific manner, intricate interactions between promoters and
enhancers closely control the expression and synthesis of globin chains. The first 500 base pairs (5') of
any globin gene include all of the proximal regulatory sequences necessary for effective transcription
initiation. In addition, optimal expression requires participation from distal elements as well. Although
all globin gene promoters exhibit striking similarity, each also reveals unique sequences that may be

important for communicating the promoter's developmental stage specificity.

The TATA box, the CAAT box, and the CACCC box are three main regulatory elements that Myers and
Maniatis found to be necessary for complete globin gene expression in their structural and genetic
investigation of the beta globin promoter in mouse (Myers et al., 1986). All globin promoters have
these components, but with slight sequence differences. On the other hand, the erythroid-specific
DNase | hypersensitive sites (HS), which are the main distal regulatory element sequences that play an

important role in both alpha and beta globin expression activity, are located 40 kb upstream of the cap
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site of the zeta-globin mRNA of the alpha globin cluster (HS-40) (Chen et al., 1997), whereas for the
beta-globin gene are located on a distant regulatory element region known as the locus control region
LCR up to 50 kb upstream of the beta globin gene, and both show high sensitivity to nucleases in
erythroid cells. In addition to DNA-protein interactions, HS-40 is also harboring active chromatin
signatures such as H3K4me3 and H3K27me3 which promote chromatin structure modification and
gene activation. H3K4me3, trimethylation of histone H3 at lysine 4, and H3K27me3, trimethylation of
histone H3 at lysine 27, are a DNA packaging protein epigenetic alteration that commonly plays a role
in gene expression control; it signifies tri-methylation at histone H3's fourth lysine residue and 27t
lysine residue respectively which recognized as identifying the locations where active genes'
transcription starts. Depending on the developmental stage and the globin needed, chromatin in
specific locations remodel by unwinding into relaxed euchromatin (open) structure to activate
transcription of which increase the accessibility of regulators and transcription factors (Bulger et al.,
1999) (Kwaifa et al., 2020). In most cases, an HS will consist of a collection of DNA motifs for a set of
transcription factors that interact with one another such as GATA1, KLF1, and NFE2 as main erythroid
transcription factors (Lowrey et al., 1992) (Cao & Moi, 2002) (Jackson et al., 2003). The LCR forms a
loop that allows them to interact with the promoters of certain globin genes, leading to the formation
of a complex known as the active chromatin hub (Figure 7) (Kim & Dean, 2012) (Cavazzana et al., 2017)

(Holwerda & De Laat, 2012) (Popay & Dixon, 2022).

Fetal hemoglobin @(? Adult hemoglobin

chri1 chri1

, LCRHss 5 4 3 2 1 LCRHSs 5 4 3 2 1
B-globin locus i 1 B

-
Figure 7: Chromatin looping in the activation of beta globin genes.

The LCR direct interaction with beta globin genes’ promoters to regulate their expression with the
involvement of several transcription factors, cofactors, and DNA motifs. Source: (Cavazzana et al.,
2017). Permission under the terms of the Creative Commons Attribution-NonCommercial-No
Derivatives Lise (CC BY NC ND).
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Additionally, genome wide association studies of variations that involve HbF expression related traits
have been very helpful in identifying transcription factors that are involved in fetal hemoglobin
silencing (Uda et al., 2008). There are repressor transcriptional factors, such as BCL11A and LRF (also
known as ZBTB7A), which independently decrease the expression of fetal hemoglobin in adult tissues

by repressing the expression of y-globin subunits (Figure 8) (Wang & Thein, 2018).

HBD HBB HBD HBB

ZBTB7A
Proximal promoter Proximal promoter
A13 bp
| TR | n-m
GGGEGG! ACAl....... CTTGAGAAGEAAACT ATAGTC GGGGGOTTCTTTTGCACA ..evee CTTTAACTAATAGCCTTGACAAGGCAAACTTGACCAATAGTC
i

-200 cluster i —-115 cluster

BCL11A

—200 cluster —-115 cluster

Normal hemoglobin expression in adults (HbF < 1%)
HBG autonomously silenced by binding of

repressors to proximal HBG promoter Hereditary persistence of fetal hemoglobin

Clustered point mutations in HBG promoter
disrupt binding of repressor(s), resulting in higher
HbF expression during adulthood

Figure 8: Hemoglobin switch from HbF to HbA.

HBG normal silencing by the binding of repressor transcription factors to proximal promoter of HBG.
HbF induction can be achieved by disrupting the binding of these repressors. Source: reproduced with
permission (Wang & Thein, 2018).

Recently, research using a functional assay for single-cell genome editing that allows for the
independent and combined recapitulation of different mutations, have shed light on the ways in which
numerous mutation-harboring functional elements (BCL11A and LRF) collectively contribute to HbF
expression (Shen et al., 2021). BCL11A, which is a zinc finger transcription factor, has been found in
shorter variant forms expressed in fetal cells with high levels of y -globin expression. y-globin
expression is repressed by BCL11A mRNA expression (Zhou et al., 2010). In addition, erythroid cells in
adulthood are the only ones where full-length versions of BCL11A are expressed at high levels
(Sankaran et al., 2008). Additionally, BCL11A have been linked to HbF silencing by interacting physically
with the chromatin at the beta-globin locus, as a part of a silencing complex that includes FOG1 and
GATA1 transcription factors, and the nucleosome chromatin remodeling complex NuRD gene
repressor (histone deacetylase 1 and 2) (Bradner et al., 2010) (Cao et al., 2004). Also, the transcription
factor SOX6 (key players in directing cell fate and differentiation along certain lineages may be required
for binding the proximal promoter of the y-globin genes with the cooperation of BCL11A to assist in

silencing these genes (Xu et al., 2010). Using gel filtration chromatography to look at BCL11A and SOX6
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movement in nuclear extracts from human erythroid cells, Xu et al showed that BCL11A had significant
peak movement. They also found that BCL11A robustly interacts with NuRD complexes in human
erythroid cells, as evidenced by its elution pattern's high overlap with the Mi-2/NuRD components
MBD3, HDAC1, and HDAC2. Most significantly, SOX6 also showed strong comigration with BCL11A and
NuRD components. Investigators have also shown that the expression of BCL11A appears to be directly
positively regulated by the erythroid-specific transcription factor KLF1. Correlation exists between
mutations in KLF1 that contribute to a silencing impact of KLF1 on BCL11A and an increase in HbF levels
(Gallienne et al., 2012). In a recent study, CRISPR-CAS 9 genetic screen was used to identify NFI-A and
NFI-x as repressor transcription factors of HBG1 and HBG2 genes through their ability to stimulate

BCL11A expression (Qin et al., 2022).

Mutations on any of these repressor transcription factors genes or their sequence targets that cause
their inhibition led to substantial increase in the HbF (fetal hemoglobin) expression, which identifies it
as a therapeutic target for patients with thalassemia or sickle cell disease to attenuate their phenotype.
Masuda and colleagues created LRF Knock-out mice with a yeast artificial chromosome (YAC)
transgene containing the human beta-globin gene cluster. LRF-deficient erythroblasts showed a
considerable induction of human y-globin transcripts, which accounted for 6-12% of total human beta-

like globin in peripheral blood (Masuda et al., 2016).

The binding of FOP to the stable chromatin-interacting protein arginine methyltransferase 1 (PRMT1)
may also play a part in hemoglobin switching process. Fop, friend of protein arginine methyltransferase
I, is a PRMT1-methylated chromatin-associated protein that represses the gene expression of y-globin.
Increased expression of fetal globin genes was observed after knockdown of FOP. Although BCL11A
levels were the same, a reduction in SOX6 protein levels was observed suggesting that FOP influence

may be through SOX6 reduction (Figure 9) (van Dijk et al., 2010).
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Figure 9: Function of fetal globin in y and 6-globin gene expression.

Expression of FOP is minimal in the developing fetus. Fetal hemoglobin is produced when transcription
factors like NF-E4 bind to the gene's coding sequence, meaning that fetal globin repressors like BCL11A,
SOX6, and KLF1 are inactive. On the other hand, adults have elevated levels of FOP expression, which
activates fetal globin repressors, by binding to the gene's coding site, and cause erythroid progenitors
to make B8-globin. Source: (Rahimmanesh et al., 2022)

HBE is expressed during embryonic development. The progenitors that make up 6-week BFU-E are a
novel lineage that has already transitioned from embryonic to fetal development (Peschle et al., 1984).
The aneuploidy Trisomy 13 (Patau’s syndrome) is the only known genetic disorder in which HBE is
continuously expressed in newborns (with elevation in fetal hemoglobin) due to a delay in the normal
globin switch from epsilon to gamma-globin synthesis, and from fetal to adult. Both in-vivo and in-vitro
studies performed by Sankaran and colleagues have showed that the over expression of the candidates
miR-15a and -16-1, two microRNA genes, located within the chromosomal band 13q14 play a role in

embryonic and fetal elevation levels by acting via the transcription factor Myb (Sankaran et al., 2011)
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The expression of MYB, which encodes c-Myb in erythroid progenitors, affects the amount of y-globin
generated by these cells. Several regulatory elements (three hypersensitive sites) with active
chromatin located in the intergenic region between HBSI1L and MYB on chromosome 6 play a
significant role in this regulation (Tripathi et al., 2023). The researchers hypothesize that early
differentiation is triggered because of suppression of cell division by a deficiency of Myb protein, which
leads to production of red cells with greater amounts of HbF. More studies have shown that Studies
of adults with partial trisomy of chromosome 13 have shown that MYB expression is linked with
persistence of gamma and a delay in beta expression (Sankaran et al., 2011) (Wang et al., 2018).
Homozygous mice for the c-Myb deletion (knockout of exon 6) died embryonically at day 15 due to
severe anemia, which highlighted the significant role of c-Myb in definitive hematopoiesis (Lipsick,

2010).

The 6-globin gene is first actively expressed in erythroid progenitors. No &-globin mRNA production is
detectable by the reticulocyte stage. When compared to the B-globin gene promoter, the 6-globin
promoter is substantially weaker (due of a silencer element that is unique to the globin promoter and
is found upstream of the 6-globin gene) and the HBD gene produces far less mRNA with lower stability
than the HBB gene which accounts for the significantly lower levels of hemoglobin A2 (a262) compared

to those of hemoglobin A (a2p2).

On the other hand, HbA2 is just as effective as HbF at blocking the polymerization of sickle hemoglobin
and ameliorating beta thalassemia symptoms. As a proof of principle, Manchinu et al have
demonstrated that HbA2 may be raised pharmacologically which may pave the way for related
research in the future (Manchinu et al., 2020). Additionally, unlike fetal hemoglobin, which is
expressed heterocellularly, HbA2 is present in all erythrocytes. Induced levels of HbA2 might have
clinical significance (Steinberg & Rodgers, 2015). To assess the therapeutic feasibility of increasing the
delta globin gene's expression in living organisms, Porcu et al have crossed a mouse model of sickle
cell disease with transgenic mice that had a copy of the delta-globin gene that had been genetically
engineered to be expressed at a greater level. This cross has resulted in the steady synthesis of HbA2
which ameliorated the SCD phenotype. These findings show that delta-globin has therapeutic potential
for the first time in vivo, which might lead to new ways of treating sickle cell disease (Porcu et al.,

2021).

HS-40 (alpha multispecies conserved regulator a -MSC-R) of the alpha globin contains six DNA
sequence motifs which can be recognized by erythroid enriched factors (Katsumura et al., 2013) (Thein,
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2013). The erythroid enriched factor Spl can recognize the GT motif. GATA-1 factor can recognize
GATA-1-b, GATA-1-c, and GATA-1-d motifs. Both NF-E2/AP1 motifs (5-NA and 3-NA) can be recognized
by several factors that include NF-E2, the ubiquitous AP1, Nrf proteins, Bach proteins, and the
homodimers of the small Maf family. Albitar and colleagues suggested that human zeta and alpha-
globin gene expression are regulated during development in a gene-autonomous manner, meaning
that they are not affected by its proximity to another alpha-like gene or its position within the alpha-
globin gene cluster, and that the two genes include all the information required for correct
developmental silencing, located on their immediate flanking regions (Albitar et al., 1991). Contrary to
this finding, this regulation could not be set up using the promoters of the alpha or zeta globin genes.
In contrast, the zeta-globin gene's silence was an ensemble effort including the promoter, transcribed

region, and 3'-flanking regions (Liebhaber et al., 1996) (King et al., 2021).

In both the embryonic and postnatal/adult phases, HS-40 plays a role in the regulation of the alpha-
globin gene cluster developmental pattern control by binding several trans-acting factors. HS40-E
(embryonic) and HS40-A (adult) are proposed to be two distinct complexes of HS-40 with distinct

configurations and roles and different nuclear binding factors at 3-NA motif (Zhang et al., 2002).

A wide variety of transcription factors, cofactors, and regulatory complexes work together to ensure
that beta globin genes are expressed in the appropriate tissues and stages of development. Erythroid
cells may have a similar set of transcription factors that regulate globin gene expression and guide
erythroid development. There is a common set of ubiquitous TFs, like NF-Y, that binds all globin
promoters, but with differing affinity, across embryonic/fetal and adult cells. The general transcription
factors TATA and CCAAT boxes, which are situated in the promoter region, 30-100 bases upstream of
all of the globin genes, are highly conserved motifs because of their functional role in regulating of
both alpha and beta globin genes by cooperating with the developmentally specific regulatory factors
(such as GATA1, KLF1, and NF-E2) and ensuring efficient transcription (Barbarani et al., 2021). In
general, NF-Y is the major activating transcription factor that binds to globin CCAAT box motifs (Martyn
etal., 2017). The TATA-like element and the initiator sequence, both of which have been demonstrated
to interact with high affinity to TFII-D protein complex, make up the basal promoter of the human adult

-globin gene (Figure 10) (Lewis & Orkin, 1995) (Duan et al., 2002) (Fan et al., 2015) (Zhu et al., 2012).
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NF-Y(-115) NF-Y(-88)
GGGTTGGCCA GCCTTGCCTT GACCAATAGC CTTGACAAGG CAAACTTGAC CAATAGTCTT
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Figure 10: The molecular complex comprising the proximal y-globin promoter and its essential
transcription factors.

Red bars represent activating binding motifs while green bars represent repressor binding motifs. The
black arrow represents transcription direction. In order to assemble the proximal promoter complex,
NFY which consists of YA, YB, and YC binds to tandem CCAAT and twists the DNA by 70 degrees to create
a pocket where other transcription factors may be recruited and interact. The transition from fetal to
adult hemoglobin and suppression of gamma-globin gene expression in adult erythroblasts can be
accomplished by BCL binding to SOX6, GATA1, FOG1, and the NuRD repressor complex. within the 8-
like globin gene cluster, the BCL11A protein occupies crucial sites at the cost of the HBG promoter,
stimulating long-range physical connections between the promoter of HBB gene and the LCR. When
BCL11A is not present, the LCR (upstream enhancers) is found in close proximity to the transcriptionally
active HBG (Zhu et al., 2012) (Paikari & Sheehan, 2018).

Permission under the terms of the Creative Commons Attribution-NonCommercial-4.0 International.

1.5.3 Properties of the different forms of hemoglobin tetramers

Although different tetramers share similar architecture, the tetramer-dimer interface-strength and

dissociation properties vary between the different types of hemoglobins (Manning et al., 2007b).

The heme-bound globin subunits subsequently pair up to form heterodimers, which are kept together
by a dimer-monomer interface that, in the case of adult hemoglobin A, has an equilibrium that greatly
favors the production of alpha-beta heterodimers (o). The combination of two identical heterodimers
results in a single (a2B2) tetramer with a flexible interface between the two dimers. This interface
allows the tetramer to rearrange into one of two conformations, oxy (R) which binds oxygen, or deoxy
(T) which releases oxygen.
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Normal adult red cells abundantly produce a,B, (HbA), one of two human hemoglobins containing
beta-subunits. On the other hand, & B2 (Hb Portland-2) is a very uncommon Hb that is only seen in
alpha-thalassemias in which a-subunit production is absent (The normal partner of zeta being the beta-
like protein, epsilon, in embryonic RBC). In order to provide an explanation for it, in 1984, Randhawa
et al. suggested that a and B-subunits have a greater affinity for each other than { with B-subunits (i.e.,
a stronger monomer—monomer heterodimer interface); hence, {; B2 is only observed when a-subunits
are not present and the zeta gene continues to be expressed (Randhawa et al., 1984). In 2001, He and
Russell group confirmed this notion and demonstrated that the affinities of the subunits of all
embryonic, fetal, and adult hemoglobins span a wide range of values by comparing them (He & Russell,
2001). The work of several research groups have found that the Hill coefficients of ¢;B, (Hb Portland-
2) and (e, (Hb Gower-1), both of which have Ac-Ser at the N-terminus of their Z-subunits, are lower
(they give a weaker sigmoid oxygen saturation curve) than those of azB, (HbA) and aze, (Hb Gower-2),
in which the alpha subunit replaces the zeta subunits (He & Russell, 2001) (Brittain, 2004) (Ashiuchi et
al., 2005) (Manning et al., 2007b).

Embryonic, fetal, and adult hemoglobins have very different oxygen binding affinites that have evolved
to allow each to do so optimally at a particular developmental stage. In comparison to adult
hemoglobin, fetal and embryonic Hb bind oxygen more strongly which is helpful since the oxygen levels
in their environment are significantly lower than in adult tissues. Different amino acid side chain
changes have distinct effects on the electrostatics of each subunit structure. These differences might
be a factor in the greater overall dissociation of subunit interfaces that include gamma subunits as
opposed to beta subunits. The interface between dimers in the tetramer of HbF (ay2) has an enhanced
strength by 70-fold compared to HbA due to a combination of amino acid differences between gamma
and alpha subunits sequences of the N terminal A helix. This A helix (in gamma) is not a part of the
tetramer dimer interface suggesting that the long-distance strength enhancement of this helix comes
from its deeper protrusion into the central cavity in the case of HbF (Manning et al., 1998) (Dumoulin
et al., 1998) (Yagami et al., 2002). In erythrocytes, 2,3-bisphosphoglycerate (2,3-BPG), which is a highly
anionic molecule (with 5 negative charges) formed by rearrangement of the glycolysis intermediate
1,3-bisphosphoglycerate, helps release oxygen from HbA and it is the main allosteric effector for
hemoglobin. It binds reversibly to deoxyhemoglobin tetramer’s central compartment (positively
charged pocket) in a cleft between the beta chains dimer (lys82, his143, his2) and shifts its affinity to

oxygen binding from high to low state by stabilizing its T tetrameric conformation and stimulates
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oxygen dissociation and release at tissue sites. Fetal hemoglobin has higher oxygen affinity because it
binds to 2,3-BPG less tightly than adult hemoglobin. Since the beta subunit in HbA contains more
positive charges than the gamma subunit in HbF, the negatively charged 2,3-BPG (which promotes
oxygen release) has higher preference towards HbA. Therefore, oxygen binds to HbF with higher
affinity than HbA allowing HbF to carry oxygen to regions of lower oxygen tension than could HbA

(MacDonald, 1977) (Kaufman et al., 2023).

Monomer to monomer interaction is stronger between alpha and beta subunits in HbA compared to
fetal and embryonic hemoglobin. Manning and his group have showed that when alpha, gamma, and
beta subunits are combined, HbA is generated but not HbF, suggesting that HbA is the more stable

tetramer of the two with lower free energy (Manning et al., 2009).

Additionally, the formation of hybrid hemoglobin variations is caused by the extremely unusual
process of globin gene fusion. In most cases, the misaligned globin genes cause uneven crossing over,
which results in hemoglobins with structural abnormalities. When hybrid hemoglobins interact with
other hemoglobin variations, the clinical presentation of carriers might range from healthy to
thalassemic. Many hybrid hemoglobins made of B-like globins have been identified and studied (Kim
et al., 2010). Two a-globin and two 6B-globin chains make up the hybrid hemoglobin variant known as
hemoglobin Lepore. This fused globin chain is the product of a hybrid gene in which the delta and beta
globin genes have not crossed over evenly due to a misalignment of homologous chromosomes during
meiosis, which has resulted in a deletion between the two genes (Bhusal et al., 2022). Hb Lepore-
Hollandia, Hb Lepore-Baltimore, and Hb Lepore-Washington-Boston have all been identified according
to their deletion breakpoints: 622Ala/B50Thr, 668Leu/B84Thr, or 659Lys/B86Ala, and 687GIn/UIVSII-
8 or 687GIn/B116His, respectively. Heterozygote individuals may exhibit symptoms of thalassemia
minor, although a wide range of clinical manifestations might result from interactions with other
hemoglobinopathies (Chaibunruang et al., 2010). Another hybrid hemoglobin is Gy-pB Ulsan, identified
by Kim et al, showed reduced oxygen affinity and originated from the deletion of 27,707 bp spanning
from HBG2 to HBB that resulted in the fusion of 13 N-terminal Gy globin amino acids with 128 3 globin

amino acids (Kim et al., 2010).
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1.6 RBC disorders

Red Blood Cells (RBC) disorders come in a wide variety of forms, including illnesses that impair the
production rate, structure, longevity, and transport functions of RBCs. RBC production disorders
include anemias, which are disorders of reduced RBC mass, and hyperemia, which is a disorder of
excessive RBC mass (erythrocytosis or polycythemia). RBC dysfunction can present with a wide range
of symptoms based on their nature, severity, and cell-related effects. However, certain symptoms of
these conditions may overlap because they impact how RBCs operate (lolascon et al., 2019). Red blood

disorders can be categorized into hemoglobin disorders, enzymopathies, and cytoskeletal defects.
Anemias

When a person's RBC count is too low, or RBC does not work properly, anemia develops. Anemia may
develop for many different reasons and comes in close to 100 various forms, each of which may be
identified by the underlying cause as well as the size and hemoglobin concentration of the aberrant
cells. Examples of anemia include iron-deficiency anemia which can be caused by a low iron intake
from food, blood loss, improper iron absorption, and aplastic anemia that develops when insufficient
new blood cells are not produced because of bone marrow damage (Rodrigo, 2019) (Auerbach &

Adamson, 2016).

Cytoskeletal defects of red blood cells, also called membranopathies, are defects that alter the RBC's
membranes' composition or permeability such as, spherocytosis and elliptocytosis (Da Costa et al.,
2013). Spherocytosis, which is also a hereditary condition that gives erythrocytes less biconcave shape
(rounder), which makes RBC more fragile. Hereditary spherocytosis is caused by mutations in the
sequence of genes that are responsible for the production of proteins located on the membranes of
erythrocytes and are responsible for maintaining the structure of cells (Zamora & Schaefer, 2022).
These genes include ANK1 (codes for Ankyrin-1 protein), EPB42 (codes for protein 4.2) , SLC4A1 (codes
for band 3 protein), SPTA1 (codes for spectrin a-chain), SPTB genes (codes for spectrin B-chain

protein), and EBP41 (codes for protein 4.1) (Ramasamy, 2020).

RBC enzymopathies are autosomal recessive genetic disorders that cause hereditary non-spherocytic
hemolytic anemia, and are characterized by an insufficiency in enzymes involved in glycolysis and
metabolism of erythrocytes leading to early destruction of erythrocytes (Sankaran & Weiss, 2015)
(Ford, 2013) (Bogdanova et al., 2020) such as, glucose-6-phosphate dehydrogenase (Pimpakan et al.,

2022) (Tavazzi et al., 2008), pyruvate kinase deficiency resulting in decreased ATP utilization (Bianchi
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et al.,, 2020) (Koralkova et al., 2014), and triose phosphate isomerase deficiency which causes

hemolytic anemia and affects young children (Myers et al., 2022).
Resistance to malaria

Malaria is caused by Plasmodium species, with P. falciparum being the most dangerous. The parasite
infects mosquitoes that feed on humans and attacks their red blood cells which causes alterations in
its shape, stiffens their membranes, increase its permeability to a wider range of ions, and increases
its adherence properties, especially to endothelial surfaces. These alterations cause severe anemia
that kills children and pregnant women more effectively. Mutations in genes affecting erythrocyte
proteins may give partial resistance to highly pathogenic Plasmodium falciparum infection (Mohandas
& An, 2012). The heterozygous advantage of these mutations outweighs the homozygous

disadvantage in terms that the heterozygote’s offspring survive better on average (Williams, 2006).

Heterozygotes with sickle cell anemia have a lower risk of contracting malaria, as they experience
fewer incidences of malaria or less severe disease. The term "sickle cell trait" was coined in 1954 to

describe the protective properties of sickle cell trait against malaria infection (Allison, 1954).

People with sickle cell trait have higher fetal hemoglobin concentrations in red cells, which has been
linked to a reduction in malaria prevalence by hindering the development of the malaria parasite and
conferring resistance. In 1998, Shear and her investigators group proposed a novel mechanism for the
protection of malaria by increased expression of red blood cells containing HbF. HbF is resistant to
digestion by the malaria parasite's protease, making it difficult to dissociate into monomer subunits.
This suggests that the ability of the malaria parasite to develop into an adult in normal cells depends

on the existence of protease-susceptible subunits generated by the dissociation of HbA in these cells.

As for people with sickle cell trait, because of induced phagocytosis activity, premature hemolysis, and
activated immunity of the host, sickled erythrocytes harboring the plasmodium parasite are rather

toxic to the parasite (Cholera et al., 2008).

Archer et al (Archer et al., 2018), proposed that the major mechanism for HbAS protective effect is the
polymerization of HbAS under low oxygen conditions. Since the oxygen content differs between
peripheral circulation and organs. By mapping the growth of the parasite in relation to oxygen
concentration, they found that parasite growth in HbAS RBC was directly correlated with the amount

of oxygen in the blood and the organs where they sequester.
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In 1976, Pasvol et al have proposed that normal newborns and infants with beta-thalassemia have
been shown to benefit from higher fetal hemoglobin concentrations in red cells, and this benefit has
been linked to a reduction in malaria prevalence by hindering the development of the malaria parasite
and confers resistance by influencing the parasite’s growth rather than their actual invasion (Pasvol et

al., 1976).

Hemoglobinopathies

Hemoglobinopathies are ilinesses that affect the hemoglobin protein found inside of RBCs, and can be
divided into two groups, defects that affect either the structure of the hemoglobin or its production
rate (thalassemia). Hemoglobinopathies are the most common genetic defect in humans. There
appears to have been natural selection for these deleterious mutations in regions where Plasmodium

falciparum, the protozoan parasite that causes severe malaria is endemic (Taylor et al., 2012).

The majority of traits are inherited in a recessive manner, except for several reported cases with
dominant variations. Heterozygotes or carriers of a single recessive globin gene pathogenic variations
are asymptomatic or have minor clinical presentations. There are more than 1200 variants (intronic
and exonic) of the Hb genes, with the majority being benign and non-pathogenic, that have been
identified using various molecular genetics techniques. Around 400 variants are associated with beta
thalassemia (Barrera-Reyes & Tejero, 2019). Variants are listed on the HbVar globin database

(http://globin.bx.psu.edu/hbvar/menu.html).

Polycythemia

Also known as erythrocytosis, causes the body to produce more RBC than usual and is characterized
by high levels of red blood cells. Polycythemia is caused by somatic, acquired mutations in the bone
marrow. The excess blood cells may increase the viscosity of the blood the blood and interfere with
blood flow, increasing the risk of serious health problems. Polycythemia can be primary, which is a
form of chronic myeloid cancer and called polycythemia vera, or secondary which is caused by an
underlying condition that triggers the kidney to produce high levels of erythropoietin that leads to
increased production of RBC. The most common causes include tumors, obesity, and sleep apnea

(Mallik et al., 2021).
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1.7 Hemoglobinopathies

Many of the inherited hemoglobin diseases cause death in the first few years of life if untreated. It has
only recently been clear how they affect disease burden, following an epidemiological shift brought on
by advancements in nutrition, cleanliness, infection control, and genetic screening that have reduced
childhood mortality. Now, infants with serious hemoglobin abnormalities can endure long enough to

seek diagnosis and care.

To form normal functioning hemoglobin, alpha globin and beta globin molecules must be produced in
balance and equal quantities. Failure of this balance leads to an abnormal buildup of uncombined

subunits, leading to their premature denaturation (Smith, 1980) (Kaur Gharial, 2022).

The production of RBC and hemoglobin is affected in thalassemia. This often results in a person having
fewer healthy RBCs. Thalassemias, are caused by mutations in regulatory genes or within alpha or beta
globin genes that may lead to underproduction or no production of one of the two subunits of the

globin molecules (Harteveld et al., 2022).

On the other hand, most recorded structural variations are caused by a single amino acid change in
the alpha or beta chains. Depending on the nature of the mutation, they are usually harmless, but
occasionally they can have devastating consequences that may change the stability or functional
characteristics of the hemoglobin and result in a clinical iliness. They have been identified by alphabetic
letters or by the names of the locations where the condition was originally identified. Despite the fact
that hundreds of structural hemoglobin variants have been found, only three, sickle cell HbS (Glu7Val),
HbC (Glu7Lys), and HbE (Glu26Lys) are common because they appear to have been subject to positive

heterozygous selection, presumably because they give resistance to severe malaria (Kohne, 2011).

Thalassemia is genetically and clinically heterogenous with a wide range of symptoms and severity
between different affected individuals depending on the combination of alleles inherited from both
parents, as shown in the diagram below (Figure 11). Alleles for mild beta-thalassemia result in the
decreased production of beta-globin proteins accompanied with impaired function. On the other hand,
severe alleles result in the production of either nonfunctional or nonexistent proteins (Harteveld et al.,

2022).
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Figure 11: The effect of HBB allele combinations on blood hemoglobin concentrations.

Green triangle represents healthy individuals. Yellow triangles represent beta thalassemia alleles. Red
triangles represent sickle cell alleles. The x axis shows different HBB allele combinations, while the y
axis represents hemoglobin concentration in a blood sample. Source: Genetic Science Learning Center.
"Hemoglobin Disorders." Learn.Genetics. June 10, 2019. Accessed with permission June 29, 2022.
https://learn.genetics.utah.edu/content/genetics/hemoglobin.

Nevertheless, even family members who share the same HBB allele can experience diverse effects.
While some people have ongoing medical needs, others never experience any symptoms. Changes in

other genes, modifier genes, are suspected to be responsible for some of these discrepancies.

For instance, fetal globin-coding genes are normally repressed soon after birth. However, some people
continue to produce fetal hemoglobin far into adulthood which, as a result, makes their symptoms less
severe. In many populations, inheriting both the structural hemoglobin variation and the thalassemia
gene is relatively frequent; these complicated interactions result in a very broad spectrum of clinical

symptoms that collectively make up the thalassemia syndromes.

1.7.1 Sickle cell anemia

Sickle Cell Disease (SCD) is an autosomal recessive blood disorder caused by a point mutation in the
HBB gene that leads to a structural abnormality in the beta chain of hemoglobin characterized by the
presence of HbS (crescent shaped RBCs). It is a qualitative blood abnormality. When HbS RBC are under

hypoxic stress, they collapse into crescent structures and aggregate with normal RBC by clumping
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together into fibers leading to their precipitation. These sickling cells are rigid, with decreased
flexibility and elasticity which cause capillaries blockage leading to trouble in transporting oxygen.
Additionally, the cells become porous, fragile, and adhesive. As a result, the body's tissues do not
receive adequate blood flow (Figure 12). Serious issues including episodes of pain, stroke, organ

damage, frequent bacterial infections, and delayed growth may result from this (Bunn, 1997).

Mormal red blood cell Mermal red blood cell section
[REC) 2y

Mermal
hemaglobin

Abnormal sickle red blood cell section
RBCs How freely whitin blood vessel

Abormal
hemoglobin
form strands
that cause
sickle shape

Sickle cells blocking blood flow

Sticky sickle cells

Figure 12: Normal blood cells Vs. Sickled cells flow through capillaries.

Normal biconcave shaped RBC flow normally and freely within capillaries while sickle shaped cells block
the blood flow by clumping together forming sticky fibers.

Source: Reproduced with permission from (Montellano, 2018). Copyright (Amegbor) American
Chemical Society.

A systemic literature review has showed that the countries of sub-Saharan Africa (500—2000/100,000)
and South America and the Caribbean Islands (20-1000/100,000) had the highest birth prevalence of
sickle cell disease (SCD) among children of one year old and younger, as determined primarily through
newborn screening. The United States and European countries exhibited a birth prevalence of less than
500/100,000. In accordance with the findings regarding regional prevalence, the Middle East, sub-
Saharan and North-East Africa, and India are "hotspots" for SCD on a global scale. Nevertheless, the
availability of prevalence data was insufficient to generate consistent prevalence figures by region via

meta-analysis (Colombatti et al., 2022).

In 1910, Herrick (Herrick, 1910), in the first medical study of sickle cell anemia (SCA) described the

presence of sickle -shaped and crescent shaped red blood cells in a smear of blood taken from a
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critically anemic dental student from Grenada. Several similar cases were observed during the
following years (Sydenstricker, 1924) (Savitt, 2014). In 1927, By showing that saturating a cell solution
with carbon dioxide may trigger shape alterations, Hahn and Gillespie hypothesized that hypoxia was
responsible for red blood cell sickling (Hahn & Gillespie, 1927). This concept was proved experimentally
in vivo in 1930 by Scriver and Waugh by employing a rubber band to cause venous stasis in a finger.
They demonstrated that the percentage of sickle-shaped cells grew considerably, from around 15% to

over 95%, due to stasis-induced hypoxia (Scriver & Waugh, 1930).

In 1945, Pauling took notice of this crucial research and proposed that the erythrocyte defect resided
in the hemoglobin molecule itself because it precipitated when deoxygenated (Eaton, 2020). He
validated his hypothesis by showing that sickle and normal hemoglobin migrate differently in a gel
electrophoresis experiment, and explained how it occurs as a result of allelic change in a single gene
that leads to the production of more positively charged hemoglobin than normal. He was the first to
identify the molecular cause of a genetic defect in 1949 (Pauling et al., 1949). His discovery included
additional conclusions stating that since aggregation can occur, the mutation location must be near
the molecular surface. Moreover, electrophoretic patterns were shared by both parents and a 50/50
combination of hemoglobins A and S proved that the illness was inherited in an autosomal recessive

manner, rather than autosomal dominant (Pauling et al., 1950) (Eaton, 2020).

In 1956, Ingram, employed by Perutz, specializing in protein chemistry discovered by peptide digestion,
electrophoresis, and peptide chemistry that sickle cell disease is caused by single gene mutation that
leads to single amino acid change from glutamic acid to valine in a tryptic peptide of the hemoglobin

protein (Ingram, 1956) (Ingram, 1957).

In the late 70s and early 80s, sickled red blood cells were shown to obstruct blood flow by binding to
the inner of blood vessels. Many health organizations and research groups took an active interest in
SCD in the 1970s, which boosted public understanding of the disease, raised awareness, and provided

vital research funds.

Although this disease is inherited in an autosomal recessive manner, the sickling is at least partially a
deoxygenation artefact, such that HbAS heterozygote erythrocytes will sickle when completely
deoxygenated. People with sickle cell trait have normal mortality and better quality of life. However,
complications arising from the patient's trait status have been reported (Ashorobi et al., 2022) (Ashley-

Koch et al., 2000; Neel, 1951; Taliaferro & Huck, 1923).
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The change of normal hemoglobin to sickle cell hemoglobin occurs as a result of a single nucleotide
substitution in the coding sequence of the beta globin chain. A single nucleotide change from GAG to
GTG at codon 7 of the open reading frame of the beta globin gene (HBB) results in the substitution of

the translated codon from glutamic to valine (p.E7V) (Ingram, 1956) (Bunn, 1997).

Glutamic acid is negatively charged hydrophilic amino acid located on the surface of the protein
(originally shown by Perutz) while valine, in the HbS mutant, is an uncharged hydrophobic residue.
Each hemoglobin beta molecule has the side chains of Phe86 and Leu89 exposed, to which the third
hydrophobic side chain, Val7 is added in HbS. This mutation causes a dramatic change in the
hemoglobin structure and severe malfunction under conditions of deoxygenation. Under
deoxygenated conditions, Val7 interacts with Phe86 and Leu 89, in an adjacent Hb tetramer which will
stick together and polymerize causing the globin to aggregate, forming long chains of sickled
filamentous precipitate that carries less oxygen than normal and cause the cell to deform into a long
point sickle that are rigid and do not bend and have difficulty in passing through the smallest capillaries
within tissues (Figure 13). This deoxygenation effect does not occur in normal HbA cells (Huang et al.,

2003).

Figure 13: Sickle cell polymerization.

Electron microscopy view of Hemoglobin S molecules arrangement in deoxygenated state in a, and by
x-ray diffraction in b. In a, it shows the formation of helical array by hemoglobin molecules while it
shows in b the amino acid residues involved in their arrangement. Hydrophobic residues tend to clump
together forming sickle shaped globin. Source: reproduced with permission (Noguchi & Schechter,
1981).
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It has been shown that cells become sickled under low oxygen states and when the oxygen is restored,
the cell can go back to its original shape. However repetition of sickling/unsickling cycle damages the
cell membrane and makes it unable to return to normal (irreversibly sickled cells) and shortens its life
which causes premature destruction of the cell (Shen et al., 1949) (Hazelwood, 2001). In 1967, Jensen
and his group have noted that after four or five cycles of sickling and unsickling in single-cell

preparations, cells lost their ability to return to their normal state (Jensen et al., 1967).

Besides blocking the blood vessels, the severity of the disease comes from the short life of the sickled
cells. Sickled cells survive for only 10-20 days, in comparison to normal RBCs which last for 90-120 days,
and cannot be replaced by new RBCs fast enough to compensate for this loss, leading to anemia (Kumar
& Robbins, 2007). In addition, a major contributor to the disease pathophysiology is HbS cellular
dehydration (as a consequence of potassium loss). The K-Cl cotransport (Mg dependent), the Gardos
channel (calcium-dependent potassium efflux), and Psickle (polymerization-induced membrane
permeability) are the three principal ion transport mechanisms implicated in sickle cell dehydration.
PIEZO, a mechanosensitive cation channel is proposed as the protein mediating Psickle. This flux-
mediated dehydration leads to elevated intracellular hemoglobin concentration, which in turn
perpetuates polymerization, and eventually, irreversibly deforms erythrocytes (Vandorpe et al., 2022)

(Brugnara, 2018).

Microvascular occlusion is also triggered by the interaction between sickled cells and activated
neutrophils and their adherence to the endothelium of the vessels, which in turn causes hypoxia,
followed by dilation of the vessels and eventually its damage. Another contributor to RBC endothelial
cell adhesion is the reduced nitric oxide bioavailability in the endothelial surface. Hemolysis resulting
from brittle membrane structure of defective RBC leads to the constant release of cell-free hemoglobin
at the endothelial surface, which reduces nitric oxide bioavailability because Hb has a high irreversible
affinity for NO and reacts very rapidly (McMahon et al., 2019). Moreover, monocytes and platelets are
also activated in SCD, and in return activate vascular endothelial cells and aggregate with erythrocytes
during P-selectin dependent vasoocclusion crisis (Belcher et al., 2000) (Wongtong et al., 2015) (Slimane

et al., 2020).

The heterogeneity in SCA clinical presentation is influenced by both environmental and genetic
variables. Monozygotic (identical) twin studies demonstrate that despite the fact that twins often

share identical height and weight growth curves and similar laboratory measurements, there is a large
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discrepancy in the occurrence of painful crises and other consequences, which must be because of

non-genetic environmental factors (Weatherall et al., 2005) (Laurentino et al., 2019).

Those with sickle cell anemia can be classified according to their haplotype of the beta globin gene
cluster, which is a cis-acting determinant that indicates their ethnicity or place of origin. Among the
haplotypes are those corresponding to Senegal (SEN), Benin (BEN), Bantu or Central African Republic
(CAR), Cameroon (CAM), and Arab-Indian (ARAB), and other unusual haplotypes were identified
(Loggetto, 2013). The occurrence of HbF in adults is linked to haplotype and corresponds with the
clinical manifestation of sickle cell anemia. The SEN and ARAB haplotypes are associated with reduced
rates of organ damage and fewer clinical signs of sickle cell anemia correlating with the generation of
the greatest quantities of HbF. Both the BEN and CAM haplotypes have intermediate clinical
presentations because of their intermediate levels of HbF. On the other hand, the CAR haplotype
generates the lowest levels of HbF, which leads to the worst clinical severity (Labie et al., 1985) (Month

et al., 1990).

When looking at the disease severity at the population level instead of the person level, the B-globin
genotype is the primary factor. In general, SCD is most severely affected when inherited in a
homozygous state (HbSS) or in a compound heterozygous state with beta globin variation that have
been identified to cause thalassemia major (HbSBP), whereas coinheritance of HbS with HbC (HbSC) or

HbS with B * tend to be less severe (Quinn, 2016).

Other genetic factors can potentially impact the symptoms of SCD. As an illustration, the extent to
which postnatal red blood cells retain fetal hemoglobin, a factor that mitigates sickle cell disease
severity by disrupting the polymerization of sickle hemoglobin, is mostly dictated by genetics. Variants
in the extended B-like globin locus induce the coinherited hereditary persistence of fetal hemoglobin,
which leads to exceptionally high levels of HbF and the elimination of several symptoms of sickle cell
disease Variants in genes that control fetal hemoglobin were found frequently. In BCL11A, HBS1L-MYB,
and HBG2, 19 single-nucleotide variations were shown to be substantially linked to fetal hemoglobin.
Understanding the genetic moderators of SCD might have major therapeutic consequences; this
finding led to gene therapy efforts that attempt to reduce erythroid BCL11A expression. Some of these

treatments are showing early signs of success in clinical trials.

On the other hand, deletions in genes that lead to a-thalassemia were found to be strongly connected

with an increased hemoglobin level, a decreased risk of albuminuria and stroke. Also, genetic
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variations and gene pathway investigations related to specific complications, growth factors, cytokine
receptors, oxidative stress, cellular adhesion, and transcriptional factors, among others have been
explored as potential explanations for the observed clinical variation in SCA (Kirkham et al., 2023).

Many single nucleotide variations in several genes have been identified to be affecting sickle cell
anemia and its association with cerebrovascular illness in large blood vessels such as TGFBR3, GOLGBI1,
ENPP1, TNF-alpha, TEK, PON1, ANXA2, ADCY9, and APOE. Additionally, genetic variations in APOL1
have been shown to influence sickle cell nephropathy. Also, Gilbert’s syndrome which is a benign
condition caused by variations in UDGT1A gene have been shown to increase the risk of gall stone

formation in patients with sickle cell disease (Rees et al., 2022).

1.7.2 Genetics of hereditary persistent of fetal hemoglobin (HPFH)

HPFH is a benign condition that occurs when fetal hemoglobin is persistently produced in significant
amount during adulthood due to mutations in alpha or beta gene clusters, or mutations in the
promoter region of y-globin (Sharma et al., 2020). There are two kinds of HPFH that have been
identified: deletional and non-deletional. Mutations in proximal promoter mutations in Ag- and Gg-

globin genes (such as GATA site) have been identified in the non-deletional HPFH (Peterson et al., 2008)

1.7.3 Thalassemia

Thalassemia is an autosomal recessive disease characterized by reduced hemoglobin in the RBC. There
are many forms of thalassemia ranging from mild to deadly (Marengo-Rowe, 2007). In 1925, a
physician from Detroit who examined Italian children with severe anemia and other symptoms was
the first to describe thalassemia. Other consequences of thalassemia, such as deformities of the bones
and an enlarged spleen, might arise as a result of erythropoiesis acceleration caused by rapid loss of

functional RBC.

Thalassemia is classified into two categories, beta thalassemia and alpha thalassemia, according to the
mutated globin chain involved. The defect affects synthesis rate of the mutated globin leading to
reduced or no production of that chain. At the molecular level, the thalassemias are genetically
heterogeneous; more than 400 pathogenic distinct beta globin gene mutations have been associated
with beta-thalassemia (Barrera-Reyes & Tejero, 2019), and the alpha thalassemias have more than 120

reported mutations (Kwaifa et al., 2020). Every affected community in the world has a small number
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of regionally specific common mutations as well as different proportions of rare mutations (Clarke &

Higgins, 2000).

1.7.3.1 Beta thalassemia

Beta thalassemia is a quantitative abnormality. It is characterized by decreased production of the beta
globin chain (B* thalassemia) that may lead to microcytic hypochromic (small pale RBC) anemia or no
production of beta globin chains (B° thalassemia). Beta globin proteins are modified due to point
mutations in HBB gene (distinct from the sickle allele), it affects its expression and can lead to the
production of impaired beta-globin protein. Alleles of this kind can result in a variety of genetic

diseases, depending on how the beta-globin protein is changed.

Carriers of beta-thalassemia account for 80 to 90 million individuals, or around 1.5% of the world's
population. 60,000 people a year are born with symptoms. Northern Europe and North America have
historically had the lowest prevalence of B-thalassemia, whereas the Mediterranean area, the Middle
East, and Southeast Asia have had the highest. Western Europe and North America are seeing an
increase in the prevalence of B-thalassemia as a result of migratory trends (Kattamis et al., 2020).
Between 2006 and 2018, the prevalence of thalassemia rose from 0.74 to 2.76 per 100,000.
Specifically, between 2016 and 2018, the incidence rate nearly doubled, going from 0.22 to
0.41/100,000. On the contrary, the yearly transfusion rate fell from 34.7% in 2006 to 20.6% in 2018,

showing a continuous decline (Lee et al., 2022).

Mutations of HBB that cause beta thalassemia can be intronic, exonic, 5 or 3 UTRs (affect RNA
stability), or even in the promoter regions with the majority being single nucleotide substitutions or
small insertion/deletions that lead to a frameshift. Mild forms of thalassemia can be caused by
mutations that affect regulatory regions such as (TATA, CCAAT, and CACCC boxes). RNA splicing
mutations would affect the maturation of pre-mRNA and associate with different range of severity

(expected to reduce beta production because there will be less mRNA).

Mutations can result in beta thalassemia major if they occur in the intron-exon junction which are
highly disruptive, while they can result in mild beta thalassemia if they happen to be in the adjacent
splicing consensus sequences. Nonsense mutations that occur in exon 1 or exon 2 lead to a premature
termination codon due to non-sense mediated decay, which result in a severe form of thalassemia due
to the production of nonviable mRNA. On the other hand, mutations that occur in exon 3 would

produce a more stable mRNA but result in a truncated protein, which would render it unstable (non-
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functional with a dominant negative effect). In addition, initiation codon (ATG) variants that cause B°

thalassemia have also been discovered. (Grosso et al., 2012) (Lee et al., 2021).

The severity of the disease is dependent on the alpha and non-alpha globin chain production
imbalance. This imbalance results in ineffective red blood cell synthesis due to the damage created to
the bone marrow precursors by excess free unpaired alpha chains inclusion bodies (a4 tetramers) (Cao
& Galanello, 2010). In the absence of normal beta-globin synthesis, alpha-globin will be made at levels
that are higher than the capability of the AHSP that is readily accessible to bind it. Unbound alpha-
globin molecules are highly unstable, and the deprivation of its binding partner, beta globin, leads to
the accumulation of alpha subunits forming of insoluble aggregates in erythrocytes and precursors
(Voon & Vadolas, 2008). On the alpha or beta globin chain of the hemoglobin molecule, the ferrous
iron of the heme is connected to the proximal (F8) histidine, and the porphyrin ring is held in place by
a phenylalanine. When functional hemoglobin is being oxygenated or deoxygenated, oxygen may
move freely in the heme pocket between a second, distal (E7) histidine and the ferrous iron.
Methemoglobin (metHb) is formed when ferrous iron spontaneously attaches to the distal histidine,
where it can be oxidized by 02 to ferric iron, rendering it useless as an oxygen carrier. About one
percent of all circulating hemoglobin undergoes this reaction daily, but there is a cascade of protective
systems in place to revert the methemoglobin back to hemoglobin (Voon & Vadolas, 2008).
Hemoglobin function, stabilization of the chains, and appropriate folding of its polypeptides depend
on the correct binding and coordination of the heme (Komar et al., 1997). Oxidative stress in the
erythrocyte is largely triggered by hemoglobin. Excess of free alpha globin molecules in circulation in
patients with beta thalassemia, go through auto-oxidation that changes ferrous iron to ferric iron and
generates metHb and superoxide radicals, which can cause an auto-catalytic oxidation within the cell.
Ferric iron binds the globin loosely which subsequently leads to heme degradation. Iron released from
the degraded heme catalyzes reactions of free radicals (If superoxide dismutase converts two
superoxide to hydrogen peroxide then free ferriciron can convert that to hydroxyl radicals (HOe) which
are extremely damaging) (Nagababu et al., 2008) (Voskou et al., 2015) (Bou-Fakhredin et al., 2022).
The imbalance of redox can cause oxidative stress and high-level production of reactive oxygen species
(ROS). Increased generation of ROS in RBCs has been associated to caspase-3 activation. Caspase-3,
which cleaves GATA-1 and proteins involved in cytoskeletal and DNA integrity, is usually synthesized
during erythropoiesis. The interaction of band-3 with cytosolic proteins and the cytoskeleton is altered

as a result of ROS-activated caspase-3. Phosphatidylserine (PS) exposure can occur as a result of
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membrane impairment. All these are signs of RBC eryptosis. To maintain the redox balance, ROS is
used by cytosol antioxidants to produce hydrogen peroxide, which can react with heme and trigger its
degradation and lead to the stimulation of apoptotic pathways in the bone marrow early in the

development of the erythrocytes.

Multiple investigations have indicated that beta-thalassemia patients' bone marrow contains an
abnormally high number of activated macrophages, which is suggestive of accelerated senescence and
eryptosis of erythroid precursors. Erythroid progenitor cells may experience premature death due to
the inability to overcome the overproduction of ROS, which results in ineffective erythropoiesis

(Voskou et al., 2015) (Gwozdzinski et al., 2021).

Wickramasinghe and Bush examined bone marrow samples from individuals with homozygous beta-
thalassemia using electron microscope. They found that cells during different stages of erythroblast
maturation contain precipitates of alpha globin subunits. They suggested that an overabundance of
free alpha-chains, rather than alpha-chain precipitates, may be responsible for the G1 phase arrest of

many of these cells (ineffective erythropoiesis) (Wickramasinghe & Bush, 1975).

Mathias et al studied the timing of erythroid lineage commitment in beta-thalassemia major under
erythroid culture conditions using purified bone marrow CD34+ progenitor cells. They concluded that
accelerated erythroid development, increased clonogenicity of BM progenitor cells, and enhanced
expression of proteins characteristic of the late erythroid lineage are all hallmarks of thalassemia
major. However, apoptosis during the reticulocytes stage leads to inefficient erythropoiesis despite

the apparent enhanced erythroid commitment (Mathias et al., 2000).

The cell surface contacts of FAS with FAS-ligand, the death receptor pathway, appear to drive this
response in thalassemic erythroid precursor cells in vitro. In beta thalassemia major with frequent
blood transfusions, the erythrocytes circulating in the bloodstream bind more IgG than usual. Normal
IgG binding to senescent cell antigens signals macrophage clearance; however, in beta-thalassemia,
the accumulation of oxidative stress, followed by heme breakdown and membrane damage, appears

to speed up this process (Schrier et al., 2003).

Moreover, because beta chain production is reduced or absent in beta-thalassemia patients, the free
alpha subunits are available to bind with both delta globin chains and cause a slight increase in HbA;,

and to gamma globin chains and cause an increase in HbF.
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Thalassemia major (Cooley’s anemia)

Individuals with thalassemia major inherit two mutated HBB alleles (homozygous or compound
heterozygous) leading to insufficient beta chain production (deficiency in HbA). The predominant
hemoglobin at birth, HbF (a2y2), has no beta chains, protects the baby at birth. After a few months,
when the predominant hemoglobin transitions from HbF to HbA (about six months), symptoms start

to appear which include severe anemia and bone marrow expansion (Muncie & Campbell, 2009).

Rather than whole blood transfusions, affected individuals need cleansed red cell transfusions, and
lifelong treatment with iron-chelating agents. The degree of anemia on several measures, the extent
of inefficient erythropoiesis, and clinical factors like failure to thrive or bone abnormalities should all
factor into the decision of initiating lifelong therapy of transfusion (Cappellini et al., 2008). Iron
chelators are used to treat patients and lessen the harmful effects of iron excess. Iron chelators are
small molecules that can cross cell membranes and remove free iron from the body in urine or bile by
forming a complex with it. Iron chelation therapy is widely acknowledged for the treatment of severe
chronic anemia in young patients, but its efficacy in older patients is questioned because of
myelodysplastic syndromes. Iron overload can be treated using a number of different chelators that
can be used in single or combination forms. The DFP, DFX, and DFO are all significant iron chelators,
and each have their own set of benefits and drawbacks (Entezari et al., 2022) (Di Maggio & Maggio,
2017) (Mobarra et al., 2016).

With regular transfusions, generally at monthly intervals, the child’s growth will progress normally until
about the age of 10-11. By that age, the child would have accumulated iron overload which without
proper iron chelation therapy may result in many severe complications including delayed growth and
later on myocardial disease and heart, liver, endocrine gland and kidney problems (Muncie &
Campbell, 2009). Iron accumulation comes from turnover of transfused RBC without adequate
endogenous RBC production and recycling and the iron released from RBC early destruction (Ballas et

al., 2018).
Thalassemia intermedia

In thalassemia intermedia, the disease severity ranges from mild to severe. Patients with thalassemia
intermedia experience similar clinical manifestation as thalassemia major but with lessened severity.
However, as for transfusion dependency, most individuals are transfusion independent, or transfusion

is only occasionally required (Musallam et al., 2012) (Asadov et al., 2018) (Ben Salah et al., 2017).
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1.7.3.2 Genetics of beta thalassemia
The genotype in thalassemia disorders does not always predict the phenotype as shown in Table 2. It

is worth noting that different laboratories use slightly different reference ranges.

Table 2: Beta thalassemia genotype/ phenotype correlation with its hemoglobins content.

(Colaco et al., 2022) (Baird et al., 2022) (Brancaleoni et al., 2016a) (Zakaria et al., 2021).

Thalassemia Allele Hemoglobins
Asvmptomatic Normal HBB+ HbA 98%, HbA2 2-1%, HbF >1%
yme B/ B HbA 94-98%, HbA2 4-2%, HbF >1% or <1%
. . B*/ B HbA 94-97%, HbA2 4-2%, HbF >1% or <1%
Minor (trait) 0
B/ B
Intermedia Mostly two thalassemia alleles B*/ B Ranges in severity
Maior Either B*/ B°, HbA 10-30%, HbF 70-90%, HbA2 2-5%
J or g%/ B HbA is absent, HbF 95-98%, HbA2 2-5%

The main factor outside of the beta globin cluster determining disease severity is the genetic variations
that affect the production of fetal hemoglobin (BCL11A, HBS1L- MYB, y-globin genes (Xmnl G-y), and
KLF1). The clinical presentation and therapy of beta thalassemia are influenced by the HbF modulation.
Additionally, coinheritance of HPFH or alpha thalassemia have been shown to ameliorate beta
thalassemia symptoms. Other factors may influence the severity of the disease by modifying the
severity of Jaundice (Gilbert’s syndrome), cardiovascular complications (APOE and some HLA
haplotypes), bone density (COL1A1 , COL1A2, TGFB1, and VDR), and iron overload (HFE and GSTM1)
(Panigrahi & Agarwal, 2008) (Danjou et al., 2012) (Jaing et al., 2021) (Tripathi et al., 2023).

Genetic factors located outside the beta globin gene cluster may result in a beta-thalassemia-like
phenotype on rare occasions. Viprakasit et al, provide evidence that the lower expression of the beta-
globin genes in people with trichothiodystrophy (TTD) is caused by specific mutations in XPD helicase
component of the transcription factor TFIIH. They have studied eleven TTD patients and identified
mutations in the XPD gene that exhibit beta-thalassaemia characteristic features, including decreased
beta-globin production and mRNA levels (Viprakasit et al., 2001). Also, the production of
thrombocytopenia associated with thalassemia trait produced by the GATA-1 X-linked transcription
factor mutation (Cao & Galanello, 2010). In another study, Channing and his colleagues demonstrated
that a missense mutation in the GATA-1 N finger is responsible for X-linked thrombocytopenia with
thalassemia in humans. Specifically, the mutation in question is Arg216GlIn. In addition, this is the first

documented case of beta-thalassemia in a human being that was caused by a mutation in an erythroid

Page | 47



transcription factor. Authors showed that although the interaction between Arg216GIn GATA-1 and
FOG-1 is quite similar to that of wild-type GATA-1 and able to facilitate the maturation of GATA-1

erythroid cells into mature erythroid cells, nevertheless, it does so with less efficacy (Yu et al., 2002).

To find updates about hemoglobin variations, a collaborative scholarly effort has resulted in HbVar
(http://globin.cse.psu.edu/globin/hbvar/), a relational database that contains current and high-quality
data on the genomic sequence alterations that cause hemoglobin variations and all forms of
thalassemia and hemoglobinopathies. Each variation is accompanied by a wealth of data, such as its
sequence change, biochemical and hematological consequences, related pathologies, frequency in
different populations, and citations. The database has two major features as well. The mutation
frequencies for many different types of beta-thalassemia in high-risk groups have been compiled from
the scientific literature and made available for user enquiry, and users may now integrate data on
hemoglobin variations and thalassemia mutations with a wide range of genomic data, since HbVar has
been connected to the GALA (Genome Alignment and Annotation database, available at

http://globin.cse.psu.edu/gala/) database.

1.7.4 Alpha thalassemia

Beginning in early embryonic development, significant levels of expression are maintained in the
alpha-globin genes. Therefore, the consequences of abnormalities in alpha-globin chains are felt,
beginning in early development and continuing throughout adulthood, in contrast with beta-globin
gene mutations, which do not show symptoms until around six months after birth. Almost all alpha
thalassemia mutations are caused by deletions (around 90%), which can range from single base to the
absence of a whole gene, and the rest are caused by point mutations. Alpha thalassemia is inherited
in an autosomal recessive way. Two genes (four alleles), HBA1 and HBA2, on the alpha globin cluster
encode alpha globin chains. Gene expression for a2-globin is greater than that for al-globin under
normal conditions. A discrepancy in transcription levels between the two duplicated -globin genes was
first shown by the research groups of Liebhaber and Molchanova in the 1980s and 1990s, respectively
(Liebhaber et al., 1986) (Molchanova et al., 1994). At steady state, a2 mRNA outnumbers al mRNA in
both fetuses and adults, with neither form changing its translation profile. Based on this, the HBA2
locus was expected to play the leading role (Shakin & Liebhaber, 1986). As heterozygotes for naturally
occurring structural mutations in either the HBA2 or HBA1 genes were studies, they showed a slightly
higher average of stable variants from the HBA2 mutations compared to the HBA1 mutations indicating
that the translation of HBA2 is less efficient with approximately 60:40 contribution at the protein level
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from both genes (Farashi & Harteveld, 2018). Alpha thalassemia is characterized according to the
number of alpha globin alleles affected by the mutation which may lead to reduced production of
alpha chains a+, or to complete absence of alpha globin chains a-. Alpha thalassemia is categorized
into four syndromes as demonstrated in Table 3: alpha thalassemia trait, silent carrier, HbH and

HbBart’s (Marengo-Rowe, 2007).

Table 3: Alpha thalassemia genotype/ phenotype correlation.

Alpha thalassemia type Number of alpha globin Alpha genotype
alleles lost
HbBart’s (y4) hydrops fetalis | Four -/- -/-
HbH disease (Ba) Three -/- -/a
Alpha thalassemia trait Two -/- a/a (cis form) or -/a -/a (trans
form)
Silent carrier One -/a a/a

Because alpha chains are also involved in making normal HbA; (a262), a mutation to the alpha gene
may decrease the production of HbA; as well (W. Chen et al., 2010; Karamzade et al., 2014; Origa &
Moi, 1993; Wang et al., 2003; Xu et al., 2004).

Silent carriers with three normal alpha globin genes have not been observed to develop health
complications. Individuals with alpha thalassemia trait (2 normal alpha globin genes) may develop mild
anemia, with small and pale (microcytic, hypochromic) RBC. In addition, free beta and gamma chains
make homotetramers. Hemoglobin H is produced with four beta chains (B4) while four gamma chains
(va) make hemoglobin Bart. Individuals with slight elevation in the concentration of (B4) and (ys4) are
considered as markers for alpha thalassemia trait. On the other hand, the loss of three normal alpha
globin genes leads to the high production of hemoglobin H (B4). When an individual has only inherited
a single copy of a normal alpha gene, the generation of alpha globin is considerably hindered. This will
result in an excess of gamma chains during the neonatal period, and an excess of beta-globin chains in
adults. Individuals who carry only one viable alpha allele will show excess beta-family subunits as ys at
birth, transitioning to B4 as adults. Both HbH (B4) (v4) and has extremely high oxygen affinity and
resistant to oxygen depletion even under physiological stress, therefore, is considered as an ineffective
oxygen transporter with an atypical oxyhemoglobin dissociation curve, which means it can carry
oxygen but cannot release it and deliver it properly to tissues (Joshi et al., 2004). HbH (B4) is highly

unstable and can cause a variety of clinical symptoms that is variable from patient to patient because
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it is more prone to oxidant damage with shortened lifespan and increased hemolysis rate and can
precipitate within the cell. Individuals with HbH (B4) disease suffer moderate to severe symptoms
which may lead to serious complications that may include microcytic hypochromic anemia, enlarged
spleen, slower growth rate, infections, bone deformities, and jaundice (Vichinsky, 2013) (Origa & Moi,

1993) (Harewood & Azevedo, 2023).

The loss of all four alpha globin alleles and the inability to produce any chains of alpha globin is the
most severe form of alpha thalassemia, with hemoglobin Bart’s (ya) as the only available hemoglobin
(some have (Ba) or Hb Portland ¢; y2). The clinical manifestations of Hb Bart’s (ya), also called hydrops
fetalis (abnormal accumulation of interstitial fluid) in this case, begin around week 20 to week 26 of
pregnancy, when the mother has developed hypertension due to polyhydramnios (abnormal excess of
amniotic fluid). Fetal ultrasound reveals hydrops. Due to their strong oxygen affinity, hemoglobin Bart's
make tissues hypoxic and leave them open to degradation, leading to anemia. To provide adequate
tissue perfusion in the face of fetal anemia, the fetal body undergoes a hemodynamically
compensatory process characterized by an increase in intravascular volume. Due to their abnormal
form, fetal erythrocytes are eliminated (self-hemolysis). Therefore, fetal iron overload may ensue, with
iron accumulation in the cardiomyocytes and other tissues of internal organs. Because of this,
cardiomyopathy may develop (Jatavan et al., 2018). Fetuses with o thalassemia die in utero or shortly
after birth for lacking the ability to produce any functional hemoglobin (A, F, or A2), unless intrauterine
blood transfusion is administered and early delivery is induced (with limited success) (Vichinsky, 2009)

(Joshi et al., 2004).

The majority of mutations that cause alpha thalassemia are deletional mutations. Nonetheless, non-
deletion mutations causing alpha thalassemia are reported worldwide. These point mutations or
insertions interfere with mRNA processing or translation, and the stability of alpha globin results in
more severe forms of alpha thalassemia than deletion mutations in most patients. Examples of non-
deletional mutations of the termination codon of HBA2 include HbCenstant Sering (HKCS ¢ 427T>C,
p.*143GlIn). Other common non-deletion mutations are HbEYORA (¢.106T>C, p.Ser36Pro), HbXeya bora
(c.428A>C, p.*143>Ser), and HbA%" (c.179G>A, p.Gly60Asp), among others (Farashi & Harteveld,
2018). The HbVar website provides an updated overview of alpha thalassemia mutations and their

phenotypes.
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1.8 Clinical features of sickle cell anemia and thalassemia

Sickle cell disease

The manifestations of sickle cell disease may differ among individuals and are subject to temporal
progression. The course of the disease's progression will dictate the manifestation of any symptoms
that may be experienced. The typical age range for clinical presentation of sickle cell disease is 6-24
months. Symptoms of sickle cell disease include anemia, fatigue, pale skin, jaundice, dark urine,
dactylitis, enlargement of organs such as spleen (splenomegaly) and liver (hepatomegaly), weakness,
headache, pain crisis, acute chest pain, problems breathing, lack of energy, vision problems, increased
risk of infection, delayed growth or puberty, swelling of hands and feet, irregular heartbeat, and stroke.
Splenomegaly may result in an extended abdomen and can lead to several related problems such as
hypersplenism, an overactive spleen, due to the accumulation of excessive number of RBCs within the
spleen to be destroyed within the spleen. Several other complications may develop if the condition is
left untreated. To compensate for early destruction of erythrocytes, the bone marrow produces more
RBCs which may lead to bone marrow expansion that causes bone deformity with fracture risk (Cario,

2018) (Piel et al., 2017) (Serjeant, 2013b).

Beta thalassemia

Beta thalassemia major and intermedia clinical severity is widely heterogeneous between affected
individuals depending on the specific pathogenic variants inherited from their parents and the
complexity of gene interaction and may be influenced by modifier genes. The typical age range for
clinical presentation of beta-thalassemia major is 6-24 months. Symptoms of beta thalassemia major
include anemia, fatigue, weakness, delayed growth or puberty, facial bone deformities, jaundice and
dark urine, abdominal swelling, poor appetite, risk of infections, recurrent fever, diarrhea, enlarged
spleen and/or liver, bone abnormalities, and heart palpitations (Langer, 1993) (Needs et al., 2023).
These symptoms tend to be milder in patients with beta-thalassemia intermedia, who often exhibit
symptoms at a later age. children with moderate cases may be symptomatic with just mild anemia,
however children with more severe cases may exhibit delayed development and stunted growth

(Taher et al., 2013).
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1.9 Diagnosis of sickle cell disease and beta thalassemia

A good diagnosis would rely on collective clinical assessment by taking family history and recognizing

and connecting the various symptoms.

Sickle cell disease

Hemoglobin electrophoresis is performed by passing an electrical current through it. Because of this,
distinct bands of hemoglobin are formed depending on the electrical charge carried by the globin
protein and the amount of hemoglobin present. These different hemoglobins are distinguishable
based on their migration through the gel. The test also gives the percentage of each hemoglobin type

present in the sample. In addition, capillary electrophoresis or HPLC can also be performed.

Blood smear examination which may exhibit crescent shape red blood cells. Also, solubility of

hemoglobin test can be performed as well.

Different types of sickle cell disease can be identified by genetic testing. A person's sickle hemoglobin

gene copy number can also be determined by genetic testing.

Beta thalassemia

The shape, size, and amount of RBC are typically measured during the initial thalassemia screening by
performing standard complete blood count (CBC) which includes a variety of red blood cell indices
such as RBC count, mean corpuscular volume (MCV) that measures the size of RBC, hemoglobin (Hb)
content, hematocrit (Hct) that measures proportions of RBC in the blood which gives an indication of
the carrying capacity of oxygen in the blood, mean corpuscular hemoglobin concentration (MCHC) that
measures the hemoglobin concentration in the cell, and red cell distribution width (RDW) that gives
the standard deviation of MCV (RBC size variation) (Corrons et al., 2021a). The level of iron in the blood,
which is frequently higher in people with beta thalassemia, can also be examined (Musallam et al.,
2013). Evidence points to a close relationship between iron overload and tissue hypoxia generated by
anemia. Moreover, erythropoietin production is stimulated in response to hypoxia and anemia.

(Mariani et al., 2009).

Biochemical tests such as high-performance liquid chromatography (HPLC), or carrier screening by
hemoglobin electrophoresis are well established, reliable, and affordable methods to confirm the

diagnosis of thalassemia by detecting the elevated proportions of HbA2 and HbF. Genetic sequencing
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and DNA analysis using various available techniques is often used to confirm the diagnosis by

identifying the exact variation a person has (Munkongdee et al., 2020a) (Lee et al., 2021).

Patients with red blood cell disorders often have erythrocytes with aberrant morphology in their
peripheral blood (PB) smear. Carriers of beta-thalassemia minor (trait) often do not have any clinical
symptoms but may exhibit lifelong microcytosis and hypochromia (Clarke & Higgins, 2000). Also,
basophilic stippling, and target cells are commonly documented forms of beta thalassemia carriers
(Harrington et al., 2008) (Korber et al., 2017). Thalassemia minor shares many characteristics with iron
deficiency anemia on a peripheral blood smear. Iron study results and particular CBC (complete blood
count) findings can be compared to distinguish between the two conditions. As for patients with beta-
thalassemia intermedia, their blood smear shows similar findings as thalassemia minor, in addition to
variable poikilocytosis and anisocytosis. Moreover, thalassemia major has additional morphological
variations that include teardrop cells, elliptocytosis, spherocytosis, and Howell-Jolly bodies. Patients
with beta-thalassemia who have undergone a splenectomy will mainly have target cells and burr cells,
whereas those who have not had their spleens removed will have target cells and teardrop cells
(Chaichompoo et al., 2019). Thalassemia intermedia and major show numerous erythroblasts in
inverse proportion to the degree of inefficiency of erythropoiesis, which increases after splenectomy

(Brancaleoni et al., 2016b).
1.10 Treatment and outcomes

For sickle cell disease and beta thalassemia patients, the only cure is a bone marrow transplant. A well-
matched donor is essential to maximize a patient's chances of a successful transplant. When the donor
and recipient are related and have the same human leukocyte antigen (HLA) profile, over 85 percent
of children who have blood or bone marrow transplants recover. Transplants are not risk-free, even
with this impressive success rate. Seizures, major infections, and other medical issues are all possible
side effects. The fatality rate for recipients of these transplants is around 5% (Ndefo et al., 2008). It is
possible for transplanted cells to cause organ rejection in some cases. This condition is known as graft-

versus-host disease. Many of the issues may be prevented with medication, but they are still possible.

Scientists are looking at genetic therapy as a potential solution to sickle cell and beta thalassemia
diseases. Restoring a defective or missing gene or inserting a new gene that enhances cell function are
both components of genetic therapy. Using genetic treatments, researchers change stem cells derived

from patient blood or bone marrow in a laboratory setting. When a suitable donor cannot be found,
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genetic treatments that alter a patient's own hematopoietic stem cells hold great promise as a
treatment. After being put into the circulation, modified stem cells can make their way to the bone

marrow where they can differentiate into healthy red blood cells.

Alternatively, treatment is offered to these patients to manage their symptoms and ease their pain.
Ibuprofen and acetaminophen, both of which are over-the-counter pain relievers, can manage mild to
moderate pain. Healthcare providers always recommend regular visits for evaluation, drink plenty of
fluids, maintain an active lifestyle and consume a heart-healthy diet, ensure receiving every

recommended vaccination, and avoid sudden change of temperature.
Medications

Morphine sulfate immediate-release (MSIR) and hydromorphone can be administered under

healthcare provider supervision for extreme pain relief.

Adults and children older than 4 years old can be treated with Voxelotor for sickle cell disease. The
sickle-shaped and clumping red blood cells are prevented from forming by this oral medication. This
has the potential to enhance blood flow to organs and decrease the risk of anemia by reducing the
breakdown of red blood cells. Headache, diarrhea, stomach discomfort, nausea, fever, and allergic

reactions are some of the possible adverse effects.

Patients with sickle cell disease, whether they are adults or children aged 16 and above, are eligible to
receive Crizanlizumab-TMCA. Administered via an intravenous (IV) line into a vein, the medication aids
in preventing blood cell adhesions, reducing blocked vessels and pain crises. Nausea, sore joints, back

discomfort, and high body temperature are all potential adverse effects.

Studies have demonstrated that the oral medication Hydroxyurea can lessen several sickle cell disease
and beta thalassemia problems. Administered to both adults and children but not pregnant women,
the frequency of pain crises and acute chest syndrome episodes was reduced with Hydroxyurea. It
helped with anemia as well, which meant fewer hospitalizations and transfusions were needed. A
decreased platelet or white blood cell count are potential adverse effects. Hydroxyurea can
infrequently exacerbate anemia. Typically, these adverse effects resolve rapidly once the patient

discontinues the medication.

L-glutamine was approved by the FDA for ages 5 and older to reduce the incidence of pain crises.

Prescribed in the form of a powder, the medication is to be incorporated into foods or liquids. Among
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the potential adverse effects are fatigue, chest pain, and musculoskeletal pain. In senior adults, L-

glutamine has not yet been evaluated.

In 2005, Sildenafil (phosphodiesterase-5 inhibitor) was authorized by the FDA for the treatment of

pulmonary hypertension (Ndefo et al., 2008).

L-arginine is an essential substrate for the synthesis of nitric acid. Suffering from SCD, adults may also
exhibit markedly reduced arginine levels, in addition to a NO deficiency. The infusion of L-arginine has
been demonstrated to decrease vascular resistance and enhance blood oxygenation in neonates with

pulmonary hypertension.
Penicillin administered twice daily reduces the risk of significant bloodstream infections in infants.

Many medical professionals discontinue the prescription of penicillin for children older than five years.
Certain healthcare providers advocate for the lifelong prescription of this antibiotic, especially in
patients with hemoglobin SS or hemoglobin SBO thalassemia, due to the continued risk to individuals
with sickle cell disease. Individuals who have undergone splenectomy, which is the surgical removal of
the spleen, or who have had a previous pneumococcal infection, should continue to take penicillin for

the duration of their lifetimes.

In certain instances, dietary supplements such as folic acid, which promotes erythrocyte synthesis,

may be necessary to ameliorate anemia.

Transfusions may be prescribed by a medical professional to treat and prevent specific complications.
Acute transfusions are utilized to treat significant anemia caused by complications. Transfusions may
also be administered to patients who are experiencing multi-organ failure or acute stroke. Sickle cell
disease patients are frequently transfused with blood prior to undergoing surgery. Red blood cell
transfusions can increase the quantity of normal red blood cells. Continual or routine blood
transfusions may reduce the risk of recurrent stroke in patients who have experienced an acute stroke.
In addition, healthcare clinicians may advise transcranial Doppler ultrasound abnormalities in children
to receive blood transfusions, as these transfusions have the potential to reduce the risk of initial
stroke. Certain medical professionals employ this method to treat complications that are resistant to
hydroxyurea. Also amenable to transfusions are patients who experience an excessive number of
adverse effects from hydroxyurea. One potential complication is alloimmunization, which transpires

when the recipient of the blood transfusion develops antibodies against the blood transfused. Such
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antibodies can hinder the recipient's ability to locate a compatible unit of blood for subsequent

transfusions. Also, possible complications are infection and iron overload.

Deferoxamine, Deferasirox, or Deferiprone are oral drugs used as iron chelation therapy to treat iron

overload from frequent blood transfusions.
Life expectancy

The severity of the condition, the effectiveness of therapy, and the occurrence of complications all

have arole in determining the expected lifespan of patients with sickle cell disease or beta thalassemia.

Sickle cell disease is associated with a decreased life expectancy. Lubeck et al showed that the matched
non-SCD group had a life expectancy of 76 years, whereas the SCD cohort had a projected life
expectancy of 54 years. After adjusting for quality of life, the difference narrowed to 33 years for SCD
patients versus 67 years (Lubeck et al., 2019). A new report indicates that patients with sickle cell
disease have a life expectancy that is over two decades inferior to that of the general population.
Existing therapies for SCD are enhancing both life expectancy and quality of life. It is possible for
individuals with sickle cell disease to live past the age of 50 with proper disease management (Jiao et

al., 2023).

Similarly, beta thalassemia is associated with decreased life expectancy as well but prognosis for B-
thalassemia patients has been steadily improving due to therapeutic advancements in the last several
decades. The life expectancy of those who have the thalassemia trait is normal. From 1970 to 1980
and 1990, the average life expectancy in B-thalassemia increased from 17 to 27 and 37 years,
respectively. In 2011, 89% of patients made it to age 40. Based on recent information, it appears that
63% of patients will make it to 50 years of age. The most common cause of mortality is due to iron

excess and its effects on the heart (Farmakis et al., 2020).

1.11 Prevalence of thalassemia in Saudi Arabia

Middle Eastern countries have come a long way in regard to medical advances. They have decreased
the prevalence of many infectious diseases and overcome many obstacles to elevate the health status
in their populations. The fortunate use of modern medicine is having the effect of prolonging the lives
of patients with hemoglobinopathies, therefore there is a need to develop better methods for treating
them. Nevertheless, Saudi Arabia is no different from its neighboring adjacent Mediterranean and

Asian countries in having high prevalence of sickle cell trait and thalassemia. Many environmental,
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cultural, and religious factors contribute to the reason why hemoglobinopathies in these countries are
present at high rates. The results of natural selection by historic infection with malaria are responsible
for the high gene frequencies for hemoglobin opathies. Asymptomatic or minor heterozygotes for HbS,
HbC, and possibly thalassemia and HbE, as well as those with mild forms of thalassemia, are more
resistant to severe malarial infection than healthy individuals, even though severely affected
homozygotes would have died young if medical interventions were not available. The “malaria
hypothesis” suggests that in the ancestral populations, these alleles were under severe positive
selection as a result of the resistance that they provide against prevalent, lethal outcomes to infection
by endemic Plasmodium falciparum. The alleles remain present even where the threat from malaria

has been largely eliminated. (Piel et al., 2010).

Different hemoglobin abnormalities may be co-inherited because of their high frequencies, leading to
a complicated array of genotypes and clinical symptoms. In fact, structural Hb variations and
thalassemic defects frequently coexist in various areas, and it is common for people from regions with
a high prevalence of thalassemic defects to inherit more than one type of genetic thalassemic

variation.

The most evident factor of the high prevalence rate of homozygotes is the tradition of consanguineous
marriage (particularly between first cousins) which accounts for up to 60% of Saudi marriages and
because hemoglobinopathies are inherited diseases, close family member marriages will increase the
possibility of passing on the disease to the offspring. Also the large number of children per family
elevate their chances for a family to have an affected child (since the disorders are inherited in an

autosomal recessive pattern) (El-Hazmi et al., 2011) (Olwi et al., 2018).

In Saudi Arabia, the first sickle cell case was recognized and reported in the 1960s (Lehmann et al.,
1963). On the other hand, research done outside of Saudi Arabia in 1986 by Boehm et al. was the
earliest report of a beta-thalassemia mutation, Cd37 (G>A), being found in a Saudi patient (Boehm et

al., 1986).

The majority of patients with hereditary blood disorders are carriers of sickle-cell disease and/or B-
thalassemia. Over a six-year period, 99,968 individuals were evaluated, and the frequency of couples
with sickle cell trait was 45.1 per 1000. 18.5 out of every 1000 people tested had beta-thalassemia in
their families. For both sickle cell anemia and beta-thalassemia, the incidence was highest in the East,

then the South and West, and finally the Midwest and the North (Memish et al., 2011). From February
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2011 through December 2015, 1,230,582 individuals were included in a secondary data analysis of the
premarital screening and genetic counseling program database. Carrier and disease states of beta
thalassemia and sickle cell disease prevalence rates were estimated (per 1000 people). The total
prevalence rate of beta thalassemia over the research period was 13.6 per 1000 people per year with
12.9 for the trait and 0.7 for the disease. The rate of SCD prevalence was 49.6 with 45.8 for the trait
and 3.8 for the disease (Alsaeed et al., 2018b). The issue of consanguineous marriages and large family
size may explain the high prevalence of sickle-cell disease and B-thalassemia in Saudi societies. The
burden on health services is so great that the Saudi government initiated a premarital screening
program in 2004 (Al[Hamdan et al., 2007) (Memish & Saeedi, 2011) and funded many research groups
to study these disorders. Sickle cell trait is broadly prevalent all over Saudi Arabia with the highest
prevalence in the eastern region (Serjeant, 2013a). Two clinical phenotypes have been identified, mild
in the Eastern province with less complications (ARAB haplotype) and a severe phenotype in the
Western region (African Benin haplotype) (Alabdulaali, 2007). What makes the ARAB haplotype unique
is the way in which it affects the manifestation of sickle cell disease in homozygous carriers in unusually
mild form. Clinically, the risk of avascular necrosis of the femoral head due to bone marrow hyperplasia
and decreased blood flow to the bone is higher in the ARAB haplotype than the Benin haplotype,
whereas the risk of stroke, acute chest syndrome, and dactylitis are more common in the Benin
haplotype. Both haplotypes may get painful crisis and silent brain infracts but with later onset in the
ARAB haplotype (Jastaniah, 2011). The phenotypic variation degree correlates with differences in the
fetal hemoglobin level in each haplotype. The mean level of HbF is much lower in the Benin haplotype
than the Asian haplotype. This slight elevation in HbF helps protect against the disease severity by
presumably preventing the abnormal hemoglobin from assembling into long polymers which

decreases the painful crisis incidence (Gabriel, 2010).

Nowadays, a wide range of abnormal hemoglobin variants has been identified. In 2011, the highest
number of documented variants (28 variations) found in a single research was carried out in Jeddah
by Abuzenadah and colleagues (Abuzenadah et al., 2011) . An extensive screening program was
conducted to help identify the different variants present amongst the Saudi population, some of which
are found to be structural variants of the beta globin cluster, HbS (c.20A>T, p.Glu7Val, rs334), HbC
(c.19G>A, p.Glu7Lys, rs33930165), Hb O-Arab (c.364G>A, p.Glul22Lys), Hb D-Punjab (c.364G>C,
p.Glu122GlIn, rs33946267), Hb Riyadh (c.363A>C, p.Lys120Asn) (El-Hazmi & Lehmann, 1976)) , Hb F-
Dammam (c.238G>A, p.Asp79Asn) (Al-Awamy et al., 1985)), HbE (c.79G>A, p.Glu27Lys, rs33950507).
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Besides, Hb-Handsworth, a missense mutation in the alpha globin gene ¢.55 G>C, p.Gly18Arg (Al Zadjali
et al., 2014). Family migration from city to city within Middle East countries and other Arab countries
looking for a better life has contributed to the dispersal of these variants (El-Hazmi et al., 2011)
(Alsaeed et al., 2018a). In a review study published by AlAithan et al in 2018, they reported that there
are several HBB mutations repeatedly reported across all studies of thalassemia prevalence in Saudi
Arabia that include the Asian IVSI-5 (G>C) mutation on top of the list, followed by the Mediterranean
Cd39 (C>T), and several others such as IVSII-1 (G>A), and IVSI-25bp mutations were consistently
observed (Alaithan et al., 2018).

It is undeniable now that the time has come for immediate action towards the number of people
affected with haemoglobinopathies. In a retrospective study conducted by Bin Zuair et al, that covers
the period between 2016-2021, everyone admitted to the General Internal Medicine unit at King
Abdulaziz University Hospital between 2016 and 2021 who had SCD was part of this retrospective
observational research. In this investigation, 160 individuals were found to have SCD. It was southern
Saudi Arabia from whence the majority came. About 19% of patients had three or more
hospitalizations per year, and the average number of trips to the emergency department per year was
four. The average duration of stay was six days. Around 7, 30, 60, and 90 days after discharge, the
readmission rates were 8%, 24.5%, 13.6%, and 10.8%, correspondingly (Bin Zuair et al., 2023). The
Saudi society bears a heavy economic burden and the need has increased to consider these conditions
as a public health problem that needs to be prioritized in the context of prevention. The introduction
of premarital screening and genetic counseling in Saudi Arabia, education and awareness of the
complications and the chronic illness associated with the disease have essential roles for the
prevention of the disease and can reduce rate of children born with hereditary hemoglobinopathies.
As a result of thalassemia patient research, numerous mutations in the globin genes, the 3’UTR and
5’UTR, and the regulatory components governing the production of the alpha and beta globin gene
families and thus the hemoglobin switch have been identified and more novel related pathogenic SNPs
are still being identified. To learn more about disease mechanism and how expression is regulated, it
is still crucial to study, investigate, and characterize naturally occurring deletions and point mutations
in carriers and patients (Chen et al., 2018) (Sugiyama et al., 2019) (Luo et al., 2020) (Atroshi et al.,
2021).
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1.12 Aim

From severe transfusion-dependent thalassemia major to moderate non-transfusion dependent
thalassemia intermedia to the asymptomatic or minor carrier state, the clinical symptoms of beta-
thalassemia are exceedingly varied. Variations in beta globin genes are primarily responsible for
the striking phenotypic diversity. B-thalassemia can be caused by many different genetic mutations
affecting HBB gene, and there may be previously undiscovered beta-thalassemia alleles in the
Saudi population. The goal of this present study is to utilize different molecular techniques
approaches to establish the most frequent mutations responsible for the disorders that when
analyzed will provide detection of up to 90% of the identified mutations. To determine the profile
of novel or previously reported causative mutations in more than 150 transfusion dependent
individuals using TagMan genotyping and next-generation DNA sequencing. Early detection of
specific HBB mutations can result in a more accurate prediction of the clinical presentation and
severity of the disease. The study's findings will be used by public health campaigns at the national

level to enhance genetic risk profiling.

In addition, | will explore the genomic variations in a family with transfusion dependency but
without a definitive genetic diagnosis related to HBB. | will implement different data filtering
approaches to detect unknown genetic variations in functionally related genes. Also, application
of in-silico analysis of the detected variations to propose candidate genes that may have

contributed to the severe etiology of thalassemia within this family.
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CHAPTER TWO

EXPERIMENTAL PROCEDURES
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Experimental procedures

All experiments were performed by me unless stated otherwise. They were conducted in the Center
of Innovations in Personalized Medicine (CIPM) at King Fahd Medical Research Center at King Abdulaziz

University, with the collaboration of the Genome Center in the same building.

As for the equipment and consumables, the thermal cycler, 0.1 MicroAmp optical 96-well PCR reaction
plate, optical adhesive films, and 0.2 ml PCR reaction tubes were obtained from Life Technologies
(California, USA). Pipettes, 1.5 ml microfuge tubes, and pipette tips were from Eppendorf (Hamburg,
Germany). Gel electrophoresis Power Pac Basic was from Bio-Rad (California, USA). Vortex was from
Thermo Scientific (Massachusetts, USA). The mini centrifuge was from VWR International

(Pennsylvania, USA). The non-stick Dnase-Rnase free tubes were from Ambion (California, USA).

2.1 Recruitment of thalassemia subjects and sample collection

Work involving human participants was done according to the Unit of Biomedical Ethics Research
Committee for the purpose of collecting blood samples from patients with thalassemia or SCD treated
at the Day Care Unit at King Abdulaziz University Hospital. The approval was granted by the hospital
(reference No 185-14).

Patients were selected based on their blood transfusion dependency status due to their thalassemia
major or SCD diagnosis. Patients with SCD do not usually require blood transfusion, but depending on
their hemoglobin level and if they had other specific indications such as previous stroke, recurrent
acute chest syndrome, or pulmonary hypertension, the hematologist might recommend exchange

transfusion (if hemoglobin >8 g/ dl) or simple top up transfusion (if hemoglobin <8 g/ dl).

Samples were collected from 154 transfusion-dependent beta thalassemia and SCD patients from
DayCare Unit at King Abdulaziz University Hospital (KAUH) in collaboration with Dr Badr Arab. She
obtained informed consent from all patients prior to sample collection. Patients were of 12
nationalities of either sex, and their ages covered a wide range from infants to over 60 years (Figure

14).
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Figure 14: Samples of different nationalities of transfusion dependent patients with sickle cell and beta
thalassemia.

Patients were recruited at their appointment for routine transfusion. To avoid admixture with donor
cells, whole blood was drawn before transfusion. Collected samples (5 ml) were anticoagulated with
EDTA and transferred to the Center of Innovations in Personalized Medicine (CIPM) located at King
Fahd Research Center, King Abdulaziz University. Specimens, then, were logged at the receiving

center and held at -20 °C for long-term storage.

2.2 Whole blood DNA extraction

| have used QIAmp Mini (CAT #51106) kits from Qiagen for DNA extraction. It is designed to purify an
average of 6 ug of total DNA rapidly with the size of up to 50 kb in length that is free of proteins,
nucleases and other contaminants. QlAamp spin-columns based extraction was used to eliminate

sample-to-sample cross-contamination.

The procedure comprises four steps in which cells are lysed using lysis buffer and protease enzyme,
then loaded into the column and bound to its membrane. Proteins and contaminants are not retained
in the membrane because of the lysate buffering salt and pH conditions. After that, DNA is washed

through two centrifugation steps then purified DNA is eluted in either elution buffer or water.

DNA concentration and purity was then measured using Thermo Scientific NanoDrop 2000c

Spectrophotometer, then stored at -20 °C for later downstream applications.
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2.3 DNA quantification

Qubit 2.0 Invitrogen (Life Technologies Corporations, California, USA): Fluorescence-based Qubit™
guantitation using molecular probe kits which include Qubit dsDNA Broad Range (BR) Dye Assay kit by

Life Technologies.

Before using DNA for downstream applications, | measured DNA concentration using highly sensitive
Qubit Fluorometer assays that would only fluoresce when dyes are bound to DNA. DNA quantitation
is achieved with high levels of accuracy because it only measures the concentration of the molecule of

interest, disregarding everything else.

2.4 TagMan assay genotyping

2.4.1 Principle

TagMan Assays (probe and primer sets) were used to detect specific single nucleotide polymorphism
(SNV) in purified genomic DNA samples by real-time quantitative PCR using QuantStudio 12K Flex,

Applied Biosystems by Life Technologies (USA).

The TagMan SNP genotyping assay consists of two primers; forward and reverse, and two probes; one
with the wild type reference allele and the other one with the variant allele (SNV). Each probe is
covalently attached to a fluorescent reporter (VIC/reference and FAM/variant) at the 5" end and a
guencher dye at the 3" end. The quencher absorbs the fluorophore emission from being excited via
fluorescence resonance energy transfer (FRET) and inhibits any signal if the reporter and the quencher
are in close proximity with each other. FRET is very sensitive to molecular level distance (close physical
proximity). It transfers light energy without the use of radiation from a dipole fluorophore donor that
being excited to another dipole fluorophore acceptor with matched resonance frequency (Hussain
2012). A minor groove binder (a dihydropyrroloindole-carboxylate (CDPI3)) is added to each probe at
the 3’ end which increases the melting temperature of a given probe length and increases the probe
and target binding affinity and produces robust allelic discrimination by stabilizing van dar Waals
forces. The probe anneals to the DNA during PCR only if the exact matched target sequence is present.
It anneals downstream of the primer-binding site (anneals to single stranded DNA). The aim of the
assay is to identify which nucleotide is present in each allele. When the probe anneals to the target
sequence, the 5’-exonuclease activity of Taq polymerase enzyme cleaves the probe during the PCR
extension phase. This cleavage separates the reporter and the quencher leading to fluorescence of the

fluorophore. This happens each PCR cycle, increasing the fluorescence intensity proportionally to the
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guantity of PCR products produced, and this increase is detected and measured during the exponential
phase of PCR by TagMan Genotype Software package provided with Applied Biosystems real-time PCR
system (Figure 15) (Pub. No. 4448637). (Holland et al., 1991) (Shen et al., 2009) (Robledo et al., 2005)
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Figure 15: Principle of TagMan genotyping assay.

Source: reproduced with permission (Schleinitz et al., 2011).

2.4.2 Assays

The Life Technologies TagMan Assays Design Panel was used to design TagMan SNV Genotyping
Assays. We, myself included, have developed and custom designed the SNV Assays, probes and
primers sequences, to detect specific single nucleotide mutations in HBB gene in purified DNA samples
from thalassemia and SCD patients. A length of 100 bp flanking the variant from both sides was used
as input for the design. These specific SNPs were chosen according to the most thalassemia mutations
reported in Saudi population reported in the literature at the time we started the project. These
variants of HBB gene are, c.20A>T, c.27dupG, c.92+1G>A, ¢c.92+5G>C, c.93-21G>A, and c.118C>T
(Abuzenadah et al., 2011). (Table 4) (Figure 16).
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Table 4: The most frequent beta-thalassemia SNPs within Saudi population used in our study.

Mutations are mapped to HBB transcript RefSeq NM_000518.4.

Genomic Location
SNV (Hg19/GRCh37 Reference cluster D ELTE Molecular
(nomenclature) ID (rs#) Consequence
chromosome 11)
. Missense
C.20A>T 5248232 rs334 NP—%cfS?\O/gil- variant (Sickle
P Cell Disease)
NP_000509.1: .
c.27dupG 5248224-5248225 rs35699606 0. Ser10fs Frameshift
rs33971440 Splice donor
C.92+1G>A 5248159 - variant
rs33915217 Splice donor
€.92+5G>C 5248155 - variant
c.93-21G>A 5248050 rs35004220 - Intron variant
rs11549407 NP_000509.1: Nonsense
c.118C>T 5248004 p. GIn40Ter variant
5,248,400 5,243,200 5,248,000 5,247,800 5,247,600 5,247,400 5,247,200 5,247,000 5,246,800 5,246,600
wovs 1% % ® ® oW

Initiation
codon Cd30 cd31

Upstream

.

c.118C>T

Cd104

Intron2

Cd105 Stop

€.93-21G>A
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Figure 16: Mapping of the most frequent beta-thalassemia SNPs within Saudi population used in our

study.

The exons shown are those of the RefSeq beta globin transcript NM_000518.4.

Life Technologies prepared the assays as a 40x concentrate, containing one VIC-labeled probe to detect
allele 1 with reference sequence, one FAM-labeled probe to detect Allele 2 with mutation sequence,

and sequence-specific forward and reverse primers. (Table 5)
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Table 5: TagMan assays used on samples and their primer sequences.

dbSNV rs# is the reference SNV cluster ID which is used to refer to a specific SNV. NM_ and NP_ are
the nucleotide (cDNA) and protein reference sequences respectively.

SNV Forward Primer Reverse Primer
Probe Sequence
(nomenclature) Sequence Sequence

rs33915217
NM_000518.4: GGTGAACGTGGATGAAGTTGGT GCCCAGTTTCTATTGGTCTCCTTAA CAGGTTG(G/C)TATCAAGG
€.92+5G>C
rs33971440
NM_000518.4: GGTGAACGTGGATGAAGTTGGT GCCCAGTTTCTATTGGTCTCCTTAA CTGGGCAG(G/A)TTGGTAT
c.92+1G>A
rs35004220
NM_000518.4: GGGTTTCTGATAGGCACTGACT GCAGCCTAAGGGTGGGAAA CTCTGCCTATT(G/A)GTCTAT
c.93-21G>A
rs11549407
NM_000518.4: CTTAGGCTGCTGGTGGTCTAC AGTGGACAGATCCCCAAAGGA AAGAACCTCT(G/A)GGTCCAA
c.118C>T
rs334
NM_000518.4: TCAAACAGACACCATGGTGCAT CCCCACAGGGCAGTAACG CTGACTCCTG(A/T)GGAGAA
c.20A>T
rs35699606
NM_000518.4: CCTCTTATCTTCCTCCCA AAGCGAGCTTAGTGATAC AGTAACGGCAGAC(T/C)TTCTC
¢.27dupG

| have personally performed the procedure using the same SNP genotyping conditions that were
previously optimized by a former PhD student in the same laboratory (Alwazani et al., 2016). Each
gPCR reaction contained 0.5 pl of diluted SNP assay mix (20X), 5 pl TagMan Fast Universal PCR Master
Mix (2X) by Applied Biosystems, 2.5 ul of nuclease-free water and 2 pl of purified genomic DNA sample
(1-20 ng). PCR stages were used as indicated by the manufacturer. The default real-time PCR involved
heating to 95.0°C for polymerase activation for 10 min, followed by 40 cycles of 15 s at 95.0°C
(denaturation), decreasing by 2.42°C/s to 60°C for 1 min (annealing/extension). All other temperature

ramps were 2.63°C/s. A final 20 s extension allowed a post-cycling fluorescence reading.

2.5 Next generation sequencing by lon Torrent PGM™ semiconductor sequencing

| performed NGS using lon Torrent PGM™ (Personal Genome Machine) on 54 thalassemia samples. |
have sequenced the HBB gene to identify the mutations that corroborate their beta thalassemia
diagnosis. All reagents, assays, kits, and equipment used in this procedure were manufactured by Life

Technologies. The lon PGM™ 200 Sequencing Kit (Cat. no. 4474004) was used that includes reagents
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and materials for performing sequencing runs using the lon 316™ Chip and lon OneTouch™ 200

Template Preparation Kit v2 DL (Cat. no. 4480285).

2.5.1 Principle

This technique is based on label-free DNA sequencing (no fluorescence). In the first stage of the NGS
workflow, 10 ng of gDNA is quantified. A library of DNA fragments flanked by ion torrent adaptors was
obtained by amplification of the target, then DNA fragmentation to a uniform size with blunt ends of
amplicons for adaptors ligation. Xpress™ Barcode Adaptors were used for sequencing. These adaptors
are specifically designed to enable sample identification when numerous different library samples are
pooled together to be sequenced on a single sequencing chip. Unamplified DNA was then cleaned up
and purified. Library quantification using QuantStudio 12K Flex (must be 100 pM to proceed with
pooling) was performed to ensure a good ratio of DNA library to lon Sphere Particles in the next step.
After quantification, barcoded samples were combined in one pool (Forth & Hoper, 2019). Then, using
emulsion PCR, DNA pooled library is clonally amplified onto the lon Spheres™ Particles (ISPs) (up to
200 base read libraries). ISPs are hydrogel beads coated with primer. These primer sequences are
complementary to the adaptor sequences ligated to the amplicons during library preparation. In
emPCR, single molecules that have been attached to individual beads are amplified and then brought
into isolated aqueous droplets containing the general reagents for PCR, in an aqueous/oil emulsion.
The pool library concentration was adjusted to optimize the loading of single amplicons to each bead.
Amplicons are amplified so that this bead will contain thousands of copies of this amplicon conjugated
to it. Beads containing more than one amplicon will be discarded during data analysis (unreadable).
After the amplification, extraction with an organic solvent and centrifugation steps is then performed
to isolate and break the emulsion and recover the beads. Then, using lon One Touch Enrichment
instrument, template positive ISPs are enriched and selected, then deposited by centrifugation into a
chip that contains nano-sized wells with each well holding a different DNA template. The chip is then
loaded on the PGM. The run was planned and created using the PGM touch screen and the sequencing
program was initialized. The sequencing reaction works by using a semiconductor chip that contains
millions of nanowells. pH-mediated sequencing uses four dNTPs that are added separately and
sequentially and washed away from an amplified, primed template, with bound polymerase, in a
nanowell in a metal-oxide—semiconductor field-effect transistor that captures chemical change from
DNA sequencing and translate it into digital information. Each nanowell should contains a single ISP
that is coated with thousands of copies of a single DNA fragment that can be assigned to an individual

library by its barcode. Any well that contains two ISPs with different amplified fragments on them
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cannot be interpreted later on (which cannot occur easily because of the relative size of the ISP to the
well). The DNA polymerase will incorporate only the cognate complementary nucleotide from the
individual dNTP at each position, resulting in the release of protons only when the cognate nucleotide
is supplied using DNA polymerase and buffers. The released H* ion decreases the pH of the solution
and pH sensors detect that change. This biochemical change enables determination of which base was
added. The excess dNTPs are then washed away, and the process is repeated with a different dNTP
species in a cycling process (Rothberg et al., 2011) (Rusk, 2011). After sequencing was done, the
generated data was automatically transferred to the required torrent server for analysis (Rothberg et

al., 2011) (Pennisi, 2010).

2.5.2 Procedure

2.5.2.1 Preparation of the library

To create the library, the targeted sequence primers were custom designed and manufactured through
the Life Technologies AmpliSeq portal (http://ampliseq.com) to cover 31.9 kb (chr11:5245611-
5277531) of the genomic sequence of the beta globin cluster with a Human Reference Sequence
GRCh37/hg19. Intergenic and intragenic regions were covered to find any gene alterations. After
filtering low specificity regions within chr11:5245611-5277531, 30.55 kb was covered with 95.62%

coverage and 125-275 bp amplicon range (Figure 17).
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Figure 17: Next generation sequencing coverage.

For the preparation of the library, the The lon AmpliSeg™ Library Kit 2.0 (Cat. no. 4475345) was used.

Reagents and solutions used in this stage include: 5X lon AmpliSeq™ HiFi Master Mix, FuPa Reagent

(for primers digestion and amplicons phosphorelation), Switch Solution, DNA Ligase, lon AmpliSeq™
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Adapters, Platinum® PCR SuperMix HiFi, Library Amplification Primer Mix, Low TE, lon Xpress™ P1

Adapter, and lon Xpress™ Barcode (short identifier oligonucleotide sequence).

As shown in Figure 18, library construction involves amplifying the HBB cluster target and fragmenting
the DNA of each sample separately to a uniform size using quantitative-PCR (QPCR) generally to 200-

400 bp, then flanking these fragments with the ion sequencing adapters (barcodes) as a library-specific

identifying sequences for each sample.

Genomic DNA

Target amplification

OoGODCD

Partial digestions of
primer sequence

OOOODOD
QOO
OO

X dXDOM
Barcoded adapters 1 QOO l Adapters ligation

XD OOV
Barcoded library DX MDD MDODC DNA
" OO ICODTDODIDOIX

Figure 18: DNA fragmentation and barcoding.

In library preparation, the target sequence on the genomic DNA of the sample is amplified. After that,
DNA is fragmented into a uniform size. Next, two synthesized known adapter sequences are ligated at
the 3’ and 5’ ends of the DNA. The first is X in red with added short identifier oligonucleotide sequence
in blue, and the second is P1 in green. P1 and X both contain universal primer. X adaptor contains a
short unique oligonucleotide sequence (barcode) in blue to be assigned to each sample when
sequencing more than one specimen at the same time which will be recognized during the analysis
step. Different barcodes are assigned for each sample.
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DNA quantification

We first measured the DNA sample concentration by Qubit 2.0. DNA concentration needed to be 10

ng/ul in a maximum of 3 pl. All samples were diluted to 5 ng/pl.
Amplification of the target
For our custom-designed HB panel, we have 2 pools (2X each)/sample, 400 primer pairs/pool.

In a PCR tube, 2 ul of 5X HiFi master mix (for cleaner amplification and increased coverage uniformity),
5 ul of 2X primer pool, 2 ul of Sample (conc. 5 ng/ul) and 1 ul of Nuclease free (NF) water giving a total

volume of 10 pl were added for each pool (which means ending up with two tubes for each sample).

Amplification of the target DNA was achieved by PCR which runs for 2 min at 99°C, then 16 cycles
(decided by the number of primer pairs per pool: 385-768 pairs) of 15 s at 99°C and 4 min at 60°C, then

down to 10°C for up to one hour.
Partial digestion of primer sequences

The two pools for each sample were combined into one tube. After that, 2 ul of FuPa reagent, a
proprietary product for primer digestion, was added to each combined amplified sample and a PCR
step was performed after that by loading the tube into the thermal cycler at 50°C for 10 min, 55°C for

10min, 60°C for 20 min, then down to 10°C for up to one hour.
Ligation of adapter sequences to 3’ and 5’ ends of double stranded amplicons

Two adaptors (each are double stranded 20-50 bp known sequences) are ligated to the amplicons.
Barcodes are added to the adaptors (pre-prepared). One adaptor sequence contains the annealing site
for the primer for sequencing, while the other adaptor is used to anchor the DNA amplicon to a surface

for sequencing. Each sample was assigned to a specific barcode.

To set up and run the ligation reaction, the following 4 ul of pipetted Switch solution (to facilitate the
conditions changing between the PCR and ligation steps during library construction) and 2 ul of diluted

barcode adapter mix were added to each sample.

Then, 2 ul of DNA ligase was added to each tube and the tube was loaded into a thermal cycler for 30

min at 22°C then 10min at 72°C and down to 10°C for up to one hour.

Purification of unamplified library
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After the PCR step, the DNA library was purified by pull-down with adapter-specific magnetic beads
(Agencourt AMPure XP by Beckman Coulter, USA). The beads will purify the unamplified libraries
because they contain complementary sequences that would attach to the DNA with added barcoded

adaptors.

DNA that did not ligate with adaptors will stay in the supernatant. Also, for DNA size selection, various
concentrations of magnetic beads are used to isolate DNA fragments of interest. Low TE (Tris-EDTA

with low EDTA) buffer is used to elute the amplified library from the beads.
gPCR quantification

Library quantification was performed to ensure the highest quality sequencing. This quantification step
will dictate during template preparation whether the emPCR is clonal or polyclonal because of the
ratio of DNA to lon Sphere Particles. Polyclonal reads are discarded during the analysis process because
beads that contain multiple sequences cannot be interpreted by the PGM instrument. Using a too high
concentration of the library DNA increases the proportion of filled wells that yield no data. On the
other hand, too little DNA will increase the number of untemplated beads which will lead to the
reduction of the number of reads obtained for each sample. Data from gPCR of the library is used to

optimize loading of DNA onto the ISPs.

Using the lon Library Quantitation kit, a three 10-fold simple serial dilution of the lon control library
ready-to-use standards (68 pM) for the qPCR were prepared (6.8 pM, 0.68 pM, and 0.068 pM to be
programmed in the gPCR instrument software to create the standard curve). Each sample was
prepared by adding 1 ul of eluted sample and 99 ul nuclease free (NF) water (1:100 dilution).
Additionally, a reaction mix was prepared for each sample and standard by adding 10 ul of Fast TagMan
PCR master mix and 1 ul dye (library TagMan quantification assay 20X probe/primer). A total volume
of 10 ul in each well (5.5 ul of reaction mix + 4.5 pl of the standards and diluted samples). The plate
was then loaded into the QuantStudio 12K Flex and the experiment was set up (Figure 19)(Figure 20).
After the run, the concentration determined by gqPCR for each sample was then multiplied by 100
(sample dilution factor) to calculate the average concentration of the undiluted library, and according

to that result, the sample was then diluted to 100 pM using water.
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Figure 19: Standard curve and amplification plot of standards (6.8 pM, 0.68 pM, 0.068 pM). Standards
are used as known DNA concentrations to help in determining unknown DNA concentrations of

samples.
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Figure 20: gPCR quantification of samples before sample pooling.

Standard curve and amplification plot of samples.

Combination of barcoded libraries from different sample DNAs (pooling) was done by combining 5 pl

of each diluted sample (100 pM) together in one tube (HB pool library).
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2.5.2.2 Template preparation on ion sphere particles

For the preparation of the template, The lon OneTouch™ 200 Template Kit v2 DL (Part no. 4480285)
was used. Reagents and solutions used in this stage include lon OneTouch™ Enzyme Mix, lon
OneTouch™ 200 lon Sphere™ Particles (with known attached sequences complementary to the
adaptor sequences), lon OneTouch™ 2X Reagent Mix, lon OneTouch™ OQil, lon OneTouch™ Reaction

Oil, and lon OneTouch™ Recovery Solution.

Principle of emulsion PCR

In EmPCR, the first step is the denaturation of amplicons into single stranded DNA. A biotin is attached
on the 5’ P1 primer adaptor. A primer coated bead is then ligated to the fragmented barcoded DNA,
and then attached to a tagged primer, and finally PCR amplification is conducted within an aqueous
emulsion in a continuous oil phase. Each aqueous droplet contains only one molecule of bead + DNA.
This DNA is amplified so the bead would contain thousands of copies of clonally amplified DNA. The
template single strand has been produced by extension of the covalently attached primers and
therefore it remains attached to the bead under denaturing conditions while the complementary

strand is removed (Kanagal-Shamanna, 2016) (Chai, 2019).

Clonal amplification and preparation of template positive ion sphere particles

A template amplification solution was prepared using lon PGM Hi-Q OT2 kit by adding 25 ul of NF
water, 50 ul of lon PGM Hi-Q enzyme mix, 25 pl of diluted library and 100 pl of lon PGM Hi-Q ISPs in
order into the lon PGM Hi-Q reagent mix tube (contains 800 pul) bringing the total volume to 1000 pl.
The whole 1000 ul was then loaded into the emulsion PCR filter sample port, then 850 pl of reaction
oil was added, and another 850 pl of reaction oil was added into the emPCR filter. The filter was then

inverted, and the lon One Touch 2 instrument was assembled as described in the manual.

2.5.2.3 Enrichment of the amplified beads

The purpose of enrichment was to separate template positive ISP from the ISP that do not have
attached target. This is done with a streptavidin coated magnetic bead which that attaches to the
biotin on the 5’ P1 primer adaptor (biotin was incorporated to P1 during emPCR). The biotin-labelled
P1 primers become incorporated into the successful products that are built on the P2 primers which
are covalently attached to the ISP. Loaded ISPs, because of their biotin moieties, can thus be bound to

streptavidin-coated magnetic beads. Template free (failed) ISPs will not bind. After washing the
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magnetic beads to elute failed ISPs, template-loaded ISPs can be eluted in sodium hydroxide solution
(melt-off solution), which leaves the covalent attachment of the template to the ISP intact but
denatures streptavidin, releasing it from the biotin-loaded ISP. For the enrichment of the template,

The lon OneTouch™ 200 Template Kit v2 DL (Part no. 4480285) was used.

A fresh melt-off solution (denatures each dsDNA template attached to the ISPs to a single strand), a
proprietary product, was prepared with the final composition of 0.1% Tween 20 solution
(polyoxyethylene sorbitol which is a nonionic detergent) and 125 mM NaOH. A MyOne Streptavidin C1
beads was prepared as indicated in the user guide. The 8-well strip for the lon One Touch ES was then
filled starting from the square shaped well as follows: 100 ul template positive ISPs (my sample), 130
uL MyOne Beads, 300 pl lon One Touch wash solution, 300 pl lon One Touch wash solution, 300 ul lon
One Touch wash solution, empty, 300 ul freshly prepared melt-off solution and the last well was left
empty. The well strip was then inserted into the enrichment instrument and 10 ul of neutralization
solution was pipetted in a PCR tube (where the final sample will be collected) and inserted opened in

the tube slot in the enrichment instrument which was assembled and run.

2.5.2.4 Loading the sequencing ion chip (316 chip V2)

lon Chip 316 V2 has an output of 300 Mb- 1.0 Gb with 2-3 million reads. Each sample will cover 30.5
kb x 100 (coverage: fragments overlapping with variant) = 3050 kb. To calculate how many samples
the lon 316 Chip can hold simultaneously we have to divide 300,000/3050= 98.3. Therefore, the 316
chip can hold up to 98 samples simultaneously. lon PGM Hi-Q sequencing kit (200-base read, 500 flows)

was used in chip loading.

The ion sphere particles (ISPs) were applied to the 316 lon Chip, one ISP per well, and then the chip
was loaded onto the PGM. Maximum occupancy of the nanowells was achieved by loading the sample

pool with constant speed in a linear manner with no interruptions while dispensing and no air bubbles.

2.5.2.5 Data output

The semiconductor membrane of the chip will detect the release of hydrogen ions when a nucleotide
is incorporated which will be censored by an ion-sensitive layer beneath each nano-well. The ion-
sensitive field-effect transistor (ISFET) sensor plate measures the solution’s ion concentrations by
measuring the current voltage change through the transistor which sends electrical pulses to the

computer. Afterwards, the computer uses these pulses to translate them into DNA sequences.
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(of N consecutive bases) pre- (hg19) and generate BAM

defined cut-off files

associated quality scores
(GESCRIlES)

lon Reporter: Identify variants

. Download data to local
Annotate variants

computer as excel files
Generate reports (.vcf)

Figure 21: Data analysis pipeline.

As seen in Figure 21, after the sequence run, the computer has generated raw data of the reads in
FASTQ file format Figure 22. This file has the actual generated sequence of bases with their quality
scores. Quality scores are generated while the sample is being sequenced and the quality score is
indicated as an ASCII character that converts into a PHRED score (by subtracting 33 from each of the
ASCII character score), indicating the probability of a read error for this base. This determines how

confident the sequencer is with each base read.

These calculations are indicative of the overall quality of the sequence as well. A PHRED score of 20 or
greater is acceptable because it means a 99% confidence of the base call. The higher the PHRED score,

the higher precision percentage score.

EDBUWSACKX128511:8:1204:6261:40047 /1

AATGTTTATGTTCT TAAAT TTTAGT TGTATATGTGAATCT TTGTAGT T TTTGCTAAAATACTAAGTAATTTATATAAAAGTGAGTTAAGAGATTTTTCTGA
+

CCCFFFFFHHHHHIIJIJIIJ3IJIIJIHIIIIIIIIIIIIIIIHIINIIIIIIIBEGIHIIICGIDICFGIIIIIIIIGI>F>»GAGCGEEHEHHEEFFFD>

Figure 22: An example of FASTQ file format.

The first lane represents a unique identifier for each read. It gives information about the exact position
on the flow cell from the read was generated, the read number, and the sequence machine. The second
lane is the actual generated sequence (bases). The third lane is blank (plus sign). The fourth lane is the
quality scores for the read sequence generated by ASCII code to show how confident we are that the
right base was called in the right position, and it is represented by alphabet letters and symbols.
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Low quality makes our reads difficult to be mapped to the reference genome. This is due for many
reasons such as accumulated errors as the run progresses. For that, sequence data went through

trimming before alignment.

Trimming will make the sequence easier to align with reference genome by discarding the reads that
fall below a pre-defined read quality average cut-off. For example, if we set the average read quality
score to be 30 (precision of base call is 99.9%) for every 5 consecutive bases, the base that scores
below 30 after that would be discarded. Afterwards, the reads in FASTQ files are mapped to a reference
genome which is Human (Homo sapiens): hg19 in our case and result will be in .bam (stands for ‘binary
alignment map’) file format which is usually compressed (into binary) form of .sam (stands for
‘sequence alignment map) file (Figure 23), which can be recovered from it using SAMtool. The SAM file
consists of a heading section and an alignment section. The heading section which begins with ‘@’
symbol serves as an ID with name of the sequence and chromosome and their length. The alignment

section describes in detail each sequence alignment with 11 mandatory fields (with optional tags)

(figure).
@HD VN:1.5 SO:coordinate Header
@SQ SN:ref LN:45 section

r001 99 ref 7 30 8M2I4MI1D3M = 37 39 TTAGATAAAGGATACTG =*

r002 0 ref 9 30 3S6M1P1I4M * O O AAAAGATAAGGATA *

r003 0 ref 9 30 556M * 0 O GCCTAAGCTAA * SA:Z:ref,29,-,6H5M,17,0; Alignment
r004 0 ref 16 30 6M14NSM * 0 O ATAGCTTCAGC * section
r003 2064 ref 29 17 6HSM * 0 O TAGGC * SA:Z:ref,9,+,556M,30,1;

r001 147 ref 37 30 9M = 7 -39 CAGCGGCAT * NM:i:1

I
Optional fields in the format of TAG:TYPE:VALUE

QUAL.: read quality; * meaning such information is not available
SEQ: read sequence

TLEN: the number of bases covered by the reads from the same fragment. Plus/minus

means the current read is the leftmost/rightmost read. E.g. compare first and last lines

PNEXT: Position of the primary alignment of the NEXT read in the template. Set as 0 when the
information is unavailable. It corresponds to POS column
RNEXT: reference sequence name of the primary alignment of the NEXT read. For paired-end
sequencing, NEXT read is the paired read, corresponding to the RNAME column.
CIGAR: summary of alignment, e.g. insertion, deletion

MAPQ: mapping quality

POS: 1-based position

RNAME: reference sequence name, e.g. chromosome/transcript id

FLAG: indicates alignment information about the read, e.g. paired, aligned, etc.
QNAME: query template name, aka. read ID

Figure 23: SAM file with annotated mandatory and optional fields.
Source: SAM format specification (Version: 1 Jun 2017)

After creating .bam files, our primary goal was to identify Single Nucleotide Polymorphisms (SNPs),
and small insertions and deletions (indels) which is never a straightforward process because it depends
on several factors such as base quality, mapping quality, number of reads, and overall coverage of

position.
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Even after identifying the variant, we it was necessary to annotate the variants to suggest which variant
is benign and which is harmful or damaging in a disease context. To this end, the server accessed
GRCh37.p13 Primary Assembly database to generate the annotation in the .vcf file. (variant call
format). used another tool to filter the variants specifically to meet our patients’ dataset to end up

with a smaller .vcf file. The final result was downloaded as excel file for easier view and review.

Software parameters for variant calling

Alignment to The Reference Genome GRCh37/hgl9 was supported with the Torrent Mapping
Alignment Program (TMAP) map4 module (the default) which is based on the Burrows-Wheeler
Alignment (BWA) algorithms that uses FASTQ format files to generate SAM files as the final alignment

output.

Annotation set settings
The annotation set used to annotate the variants was 5000exomes, canonical RefSeq transcripts,
ClinVar, DGV, DrugBank, Gene Ontology, OMIM, Pfam, PhyloP scores, and dbSNV. For the annotation

analysis.

Annotation statistics and reporting options

dbSNV hit level was set to ‘overlap’ (all annotations that have loci overlap with variant are matched),
COSMIC hit level was set to ‘locus’ (annotations that have loci start at variant locus are matched),
ClinVar hit level was set to ‘allele’ (annotations that have locus matches with variant with at least one
allele in common are matched), variantDB hit level was set to ‘locus’ as well, and splice site size was

set to be ‘2 bases’ (the size in bases of the small intronic region immediately upstream of an exon).
Variant finding

Variant finding was set to allow INDELs, SNVs, multiple nucleotide variants MNVs. Reporting of
complex variants was disabled. The minimum mapping quality value (QV) required for reads to be

allowed was 4.
Bamstatistics

The maximum mapping quality value was 255 (the alignment was ignored if it had more than the
specified value). The maximum mismatches allowed in the alignments were 500 (any alignment with

more than 500 mismatches was ignored and a report of mismatches number was generated).

Quality score is P < 0.05.
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2.6 Whole exome sequencing by NovaSeq 6000 Sequencing system

| performed WES on 3 thalassemia samples that had no clear genetic explanation linked for their severe
symptoms. Since all samples have been collected from transfusion-dependent patients with confirmed
diagnosis of thalassemia, this technique was done to examine whole exomes in addition to the HBB

gene in search of genomic variations that would explain the disease.

Later, | have repeated the procedure on an additional 12 samples related to two of the previous three

thalassemia samples that had no clear genetic explanation for their transfusion dependency.
2.6.1 Principle

The Illumina WES workflow of NovaSeq 6000 Sequencing System consists of four basic steps, sample
library preparation, cluster generation, sequencing, and data analysis. Library preparation allows for
sample identification and adherence to flow cell surface of the platform. In library preparation, bead-
based ‘tagmentation’” method is used for DNA fragmentation, where the engineered magnetic bead-
linked transposase (BLT) enzyme complex is pre-loaded with two adapter sequences. BLT performs
several processes, which include DNA fragmentation, adapters insertion, and its saturation plays a

critical role in DNA normalization since each BLT can be used only once (Figure 24).

Bead-Linked Transposome (BLT)

% Bead

Iransposome Complex with
Read 2 Sequencing Primers

Transposome Complex with
Read 1 Sequencing Primers

)
e

Adapter

Complementary Strand

Figure 24: Bead Linked Transposome.

Transposomes with white-striped green and blue read sequences are complementary to the white-
strapped complementary strand. Source: Adapted from © 2017 Illumina, Inc. (Techniques/
Sewuencing/ Library preparation: Tagmentation).
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The first step in library preparation is the binding of unfragmented DNA to the BLT. After binding, BLT
automatically generates DNA fragments that are mainly within a specified size range and inserts
double stranded adapter sequences simultaneously to the dsDNA, which are used for DNA
amplification by PCR later. Then, additional motifs are introduced through reduced cycle amplification
that are designed to interact with the surface of lllumina’s NovaSeq flow cell, such as 10 base-pair
indices at both ends of target fragments (index 1 (P7) and index 2 (P5)) with sequences complementary
to the flow cell oligonucleotides required for cluster generation (two different sequences on each end
to complement two types of oligonucleotides on the cell flow surface), and sequences for primer

binding at each end for paired end sequencing (Figure 25).

==
R d-Cycle
' P i n
Index 2 Primer
m I Index 1 Primer
2 Sequ r - .

P5—complementary to lllumina flow cell aligo
[ 'ndexing sequence 2 Read 2 Sequencing Primer
Read 1 Sequencing Primer * Indexing sequence 1

. P7 — complementary to lllumina flow cell oligo

Figure 25: Sequencing ready fragment with annotated Index primers.

P5 and P7 binding regions are for clustering. Rd1 and Rd2 binding regions are for sequencing. Index 1
and Index 2 are for sample identification when different samples are pooled together.
Source: adapted from the Nextera XT DNA Library Prep Kit Reference Guide (© 2017 Illumina, Inc.)

Cluster generation occurred on the surface of a hydrogel-coated glass flow cell with lanes where each
DNA fragment is amplified isothermally. Each lane on the flow cell is supplied pre-coated with two
types of oligonucleotides. Each type of oligonucleotide is complementary to the 5’-sequence of one of
the library adapters sequences. They hybridize and a complementary strand of the hybridized
fragment is created by a polymerase then denatured and the original strand is washed away. The
remaining complementary strand then folds over to hybridize with the other oligonucleotide on the

cell at its adapter region on the other end of the fragment forming a bridge. A complementary strand
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is generated by the polymerase forming a double stranded bridge which will denature as well, resulting
in two single stranded molecules attached to the flow cell (reverse and forward strands). The process
is isothermal, all fragments are clonally amplified by repeating this process of bridge amplification for
millions of clusters simultaneously over and over. For this to be possible, the polymerase needed to
be of the strand-displacing sort, producing (initially) two single strands. Each cluster starts with one
DNA fragment and generates multiple copies by PCR. The density of loading of target DNA is critical as

overloading gives overlap between clusters and a steep decline in the usable data.

D) N\

ERE SN S 2K 28 J8 S8 7K

ssDNA anneals to Polymerase starts Removal of original single strands, the amplified The other end of the DNA anneals to the
primers on flow cell amplification from strand is physically attached to the flow cell. flow cell. A 'single stranded bridge' is formed.
the primer.
5D

A f\fg/
CANPAAA

LK 5 2K 2K

Polymerase starts amplification from the Denaturation of the 'double stranded bridge'. At the end of the amplification, millions of clusters are
annealed side. A 'double stranded bridge' The two complementary strands are attached formed on the flow cell.
is formed. to the flow cell. {Andy Vierslraete 2017)

Figure 26: Principle of bridge amplification.

It starts with DNA fragmentation and addition of adaptors to both ends of the strand. Single stranded
DNA fragments are added to the glass flow cell and hybridized to the oligonucleotide attached on the
flow cell. A primer binds to the strand and DNA polymerase performs PCR extension. The double-strand
DNA is denatured, and the original strand is washed away and the remaining strand folds over to
hybridize using its other adaptor to a corresponding oligonucleotide on the flow cell forming a bridge.
The bridge is denatured giving two single-stranded DNAs each attached to a different oligonucleotide
on the flow cell with their different adaptors. The process is repeated until a cluster of strands is formed,
then the sequencing process begins. Figure adapted with permission from Andy Vierstraete 2017.
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As described in the above (Figure 26), for the first phase of sequencing, both strands are attached to
the well at their 5’ends (they are complementary) but there are proprietary ‘enzymes’ that can
distinguish between the two primers and can cleave one, removing that strand without removing the
other. This means that at the start of sequencing each cluster, only one strand is present. All 3'-OH
group is blocked so that the only possible site for incorporation of the fluorescently tagged nucleotide
(next) will be the 3'-end of the read strand (preventing unwanted priming). Once the first strand is
read, it is removed by denaturation and washing, and the complementary strand can be recovered
from the first strand because the stub of the fragmented oligonucleotide is sufficient to act as a primer
again for bridge amplification and the first template can be destroyed. The purpose of reading both
strands, in paired end sequencing, is that it confirms the forward read and it extends the data obtained
from the forward read, allowing longer overlaps with other reads (paired-end sequencing). The second
strand read is generally of lower quality than the first. In the presence of a bound polymerase,

analogues of all four nucleotides are added.

The growing nucleotides are identifiable by their fluorescence spectrum (only two colors that are
either present or absent - G is not labelled). The nucleotides are also reversibly 3’-blocked and the
fluorescent label is also removable, so that after detection of the nucleotide attached to a cluster, the
fluorophore and the block are removed chemically. A laser detector (a confocal microscope with
epifluorescent detection) excites the clusters after each nucleotide addition and emits a fluorescent
signal (sequence by synthesis). The base is called depending on the wavelength emission and intensity.
The read occurs simultaneously for all the strands within a cluster. Clusters are imaged by a camera
that detects colored lights using bidirectional scanning and two-channel sequencing chemistry. Based
on the colored signal ratios for each cluster, base calling is performed and repeated for each

sequencing cycle and stored by the Real-Time Analysis (RTA) software on the instrument.

Forward and reverse reads are paired during data analysis, creating contiguous sequences (Mardis,
2013) (Pettersson et al., 2009). The optical system detects the position of each read, so forward and
reverse reads can be put back together during data analysis. Sequence alignment with reference
genome, variant calling, and annotation can be achieved using commercial or free bioinformatics

analysis tools.
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2.6.2 Procedure

Equipment and reagents used throughout the procedure are manufactured by lllumina. lllumina® DNA
Prep with Enrichment, (S) Tagmentation (Cat. No. 20025524), Illumina Exome Panel — Enrichment
Oligos Only (Cat. No. 20020183), IDT® for lllumina® DNA/RNA UD Indexes Set A, Tagmentation (96
Indexes, 96 Samples) (Cat. No. 20027213), and NovaSeq 6000 SP Reagent Kit v1.5 (200 cycles) (Cat. No.
20040719), and SP as a flow cell. DNA input is 10-1000 ng with insert size of 150-220 bp. Panel size is

45 Mb, probe size is 80 bp, and fragment length median is about 200 bp.

2.6.2.1 Preparation of DNA libraries for Whole Exome Sequencing with lllumina Technology

DNA normalization and quantification

We first measured the gDNA sample purity using NanoDrop UV spectrophotometry (ratio of 260/280)
was in the range of 1.8-2 and 260/230 in the range of 2.0-2.2). Then, we measured its concentration
by Qubit 2.0. gDNA was then normalized to 10 ng/ul in 10 mM Tris/HCI pH 8.5.

All samples were measured again by Qubit and then diluted to a final volume of 10 ul at 5 ng/ul (50 ng
total).

DNA tagmentation

In this step, DNA is fragmented (this fragmentation helps create normalized libraries with a tight
fragment size distribution using a variety of DNA input ranges) and tagged with adapter sequences in
one step using Enrichment bead-linked transposomes. In a PCR plate, the following items were added
in order: Tagment DNA Buffer (25 pl), Normalized gDNA is 50 ng in 10 pl (5 ng/ ul), and Tagment DNA
Enzyme (15 ul) giving a total volume of 50 pl in each well. These items were mixed thoroughly using
High-Speed Microplate Shaker by Illumina at 1600 rpm for 1 minute. Then, the plate was centrifuged
at 280x g for 1 minute. The plate was then placed in the thermal cycler while the preheat lid option
was set to 100°C (to inhibit sample evaporation to the lid and allows efficient heating of the sample)
with the parameters set at 55°C for 5 min with a final hold at 10°C. After 10°C was reached (when
transposome is still active), the plate was let to stand 2 min at room temperature before Stop Tagment
Buffer (10 ul) was added to each well, and resuspended using micropipette, and incubated for 5 min
at room temperature. Tagmented DNA was purified with magnetic Sample Purification Beads (SPB)
from the transposomes to prevent them from binding to DNA ends and interfering with downstream
processes, from unviable fragments (fragments with only one adapter, too long fragments, or too short

fragments), and from adaptor dimers (ligation of adaptors without target insert) which can bind to the
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flow cell and occupy valuable spaces without generating any useful data. The plate was placed on a
magnetic stand until the liquid was clear then it was removed and discarded. Tagment washing buffer
(TWB) was added to the beads slowly (to avoid foaming of TWB which may lead to incomplete mixing
or aspiration of incorrect volumes). After resuspending the beads by pipetting, the plate was placed
on the magnetic stand again until the liquid was cleared, and the wash was discarded. The washing

step was repeated twice.

Cleaned up tagmented DNA was amplified by adding extension ligation mix (ELM) and index adapters

(Index 1 (i7) adapters and Index 2 (i5) adapters) with a different i7 and i5 combination for each sample.

Additionally, while using the adapters as primers, the PCR step added the sequences required for
cluster generation using a limited-cycle PCR program which was set for 3 min at 72°C, then 3 min at
98°C, then 9 cycles of 98°C for 20 s, 60°C for 30 s, and 72°C for 3 min. Amplified DNA was purified by
selecting the abundant insert size, and unwanted products were washed away using lllumina
purification beads (double-sided beads for selecting inputs of >= 100 ng) by repeating the same steps
mentioned for cleaning tagmented DNA. After the second wash, supernatant was discarded and while
on the magnetic stand, 80% of freshly prepared ethanol was used to wash the beads two times.
Purified library was eluted using resuspension buffer (RSB). The DNA library was quantified using Qubit
2.0 high sensitive dsDNA Kkit.

Quality control

Quantification of tagmented samples before pooling for enrichment is essential to check that our DNA
is at useful length, and to know the concentration of it to maximize sequence output. For a quality
check, libraries were run on an Advanced Fragment Analyzer Automated CE System by Advanced
Analytical Technologies with the DNF-930 dsDNA kit 75 bp — 20,000 bp manufactured by Agilent
(expected DNA fragments range from 200-500 bp). This system utilizes automated capillary
electrophoresis. Each DNA library was diluted 1:10 with nuclease free water and run on the Analyzer
(Figure 27). Reagents used in this step include intercalating dye, capillary storage solution, 5x capillary
conditioning solution, 5x dsDNA inlet buffer, 0.25x TE rinse buffer, high sensitivity genomic DNA diluent
marker, high sensitivity genomic DNA ladder, and blank solution. After all reagents are loaded in the
instrument, screen instructions were followed to start the run, and the results were looked at by

ProSize 2 software.
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Figure 27: Electropherogram interpretation graph.

Example of using Advanced Analytical Fragment Analyzer for DNA libraries quality check and proper
sizing of samples. The lower marker (LM) is at 1 bp and upper marker (UM) is at 6000 bp. Good quality
DNA fragments would range between 200-400 base pairs. RFU, relative fluorescence unit.

A concentration of 500 ng of each DNA library was pooled together in one new microcentrifuge tube
(each has a unique Index identifier). The yield obtained from each library for pooling was quantified by

calculating mass/ DNA library concentration.

2.6.2.2  Selection of whole exome DNA

Denatured double-stranded DNA libraries were hybridized to biotinylated oligonucleotide probes.
Capture probes were used to hybridized with DNA target sequences by adding the following reagents
in order: DNA pool (30 ul), Blocker (synthetic oligonucleotide sequences, 50 ul) to prevent target
enrichment probes and adapter sequences from non-specific hybridization, and Enrichment Probe
Panel (10 ul), then Enrichment Hybridization Buffer (10 ul) was added, resuspended, and incubated for
10 minutes at room temperature then centrifuged and placed on the thermal cycler for 5 min at 95°C,
then 16 cycles/ 1 min each starting at 94°C with 2°C decrease with each cycle afterwards, then hold 30

min at 58°C.
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The enrichment probes are biotin-labelled (340,427 probes with the size of 95mer). Each probe targets
libraries of 300-350 bp. They are captured by adding Streptavidin Magnetic Beads (SMB) and incubated
for 15 minutes on heat block at 62°C. Tube was then centrifuged and placed on a magnetic stand until
liguid was clear, and supernatant was removed. Then, non-specific binding was removed by
performing heated wash. Enhanced Enrichment Wash Solution (EEW) was added to the library pool,
and the tube was incubated on the 62°C heat block for 5 minutes using Hybex microsample Incubator.
The tube was immediately returned to the magnetic stand until liquid was clear and supernatant was
removed. The washing step was repeated twice. The enriched library was eluted from by adding
preheated EEW, then transfer to a new tube. The tube was incubated on the 62°C heat block for 5
minutes then placed on a magnetic stand until liquid was clear. Supernatant was then discarded. After
removing the tube from magnetic stand, Elution mix was then added to the library and incubated for
2 min at room temperature then placed on magnetic stand until liquid was cleared. Supernatant was

transferred to a new microcentrifuge tube and Elute target buffer was added to the library.
2.6.2.3  Amplification of enriched library

PCR primer Cocktail and enhanced PCR mix were added to the enriched library tube. The tube (50 ul
total volume) was placed on the preprogrammed thermal cycler that was set at 98°C for 30 s, then 10
cycles of 98°C for 10 s, 60°C for 30 s, and 72°C for 30 s and it finished at 72°C for 5 min. The 50 pl of
amplified library was cleaned up using AMPure XP Beads, washed using 80% ethanol, then eluted with

resuspension buffer (RSB).

The post-enriched library was quantified by using Qubit 2.0 to ensure optimum cluster densities on
the flow cell (yield of > 3 ng/ ul). The following formula was used to calculate the molarity value of the

library and convert ng/ uL to nM:

(Concentration in ng/ pL)

x 10°® = concentration in nM

(660% X average library size (bp))

Then, the DNA library was diluted to the starting concentration of 2 nM using resuspension buffer
(RSB). DNA Library pool is denatured and diluted to a final concentration of 1.25 nM using High Output
Reagent kit v2 by Illlumina with maximum output of 60 Gb (150-cycle), and maximum 400 million

clusters read per run.

Below, is a table chart used in each run to track the workflow steps (Table 6)
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Table 6: Workflow chart for WES run.

Samples highlighted in yellow are our three transfusion dependent samples.

MiSeqV3/ NextSeq Flowcell Lot | . c0) 5, 20367124 20367893
Reagent Cartridge V2 Lot#
Sample ID 1097 1256 1300 1287 148 123 15-46 183
Library prep start date: 30-12-19
1ST DNA Conc. (ng/ul) by Qubit 49 75 61.2 60.8 84.2 92.4 41.3 104.7
Index i5 505 505 506 506 517 517 506 5017
Index i7 705 711 711 714 714 706 706 711
After Amplification of
tagmented DNA: Libraries 77.1 57.3 81.4 90 53.1 51.1 51.2 39.3
Conc. (ng/ul) by Qubit
Volume used in Pool libraries | | 8.7 6.1 5.5 9.4 9.7 97 | 127
(ng/ul)
Total DNA Library Volume 68.3
Library concentration After . .
amplification of enriched library 21.2 Lll::::rymzv:triizf |:;_;by 350
Qubit (ng/ul) 8 ysis:

Library con. In nM
Note: You can use the diluted
one used for Analyzer (Make
sure that it is already measured
by Qubit)

Volume to dilute the library to 4anM=

4x15/91.77 = 0.65 (from library) + 14.35 (NFW)

91.77 nM

4nM x 15 (final volume)

Library conc.

= ul

Run Date

2-1-2020

Run Status: pass

2.6.24 Normalization of library for pooling

The recommended loading concentration for our flow cell type (SP) using PhiX as library type with

insert size less than 450 bp is 250 pM with pooled loading concentration of 1.25 nM. Library (2 nM)

was normalized to 1.25 nM using 10 mM Tris-HCI, pH 8.5.

2.6.2.5 Dilution of PhiX control to 2.5 nM

PhiX Control which is an adapter-ligated library used as a sequencing control and quality control for

cluster generation was diluted using 10 mM Tris-HCl, pH 8.5 from 10 nM to 2.5 nM. The diluted PhiX

control was added to the normalized library pool.
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2.6.2.6 Denaturation of combined library with PhiX

Libraries denaturation for sequencing was prepared using freshly prepared 0.2 N NaOH which was
added to the library with PhiX, then centrifuged at 280 x g for 1 minute. Within 30 minutes, the
denatured library was loaded to the library tube into the cluster cartridge then onto the NovaSeq 6000

instrument.
2.6.2.7 Library hybridization to flow cell and sequencing run

Setup steps using the NovaSeq Control Software (NVCS) were initiated and BaseSpace Sequence Hub
setting was used. The prefilled reagent cartridge was prepared for use and libraries were loaded into
reservoir labeled Load Library for sequencing. ExAmp master mix is added to the library before cluster

generation onboard the instrument.
2.6.3 Analysis details

The reference genome used was (UCSC hgl19). Base call files were automatically transferred to
BaseSpace Sequence Hub by NovaSeq control software (NVCS) for data analysis.

When sequencing is completed, the run folder is copied from the NovaSeq 6000 machine to the
University high performance computer (HPC). The in-house GenaTi NGS analysis pipeline reads the run
folder. The main steps in the workflow of variant calling are as follows. The run folder holds the base
calls in BCL files that require conversion to FASTQ format for use with user-developed or downstream
analysis tools. This process is called BCL to FASTQ conversion or demultiplexing, the first step in the
NGS analysis pipeline. In this process, the .BCL files are converted to the universally used FASTQ format
using a bcl2fastq tool made by lllumina. This tool will assign a name to each read, which includes its
location on the flow cell as well as the index specified, and the base calls that constitute each read with

their accompanying quality scores.

FASTQ format is a text-based format for storing both a biological sequence (usually nucleotide
sequence) and its corresponding quality scores. Both the base call and quality score are each encoded
with a single ASCII character for brevity. For a single-read run, one FASTQ file is created for each sample

per flow cell lane. For a paired-end run, two FASTQ files are created for each sample for each lane.

In order to achieve high-quality and high-confidence variations in downstream data analysis, quality
control and pre-processing of FASTQ files are essential. Adapter contamination, biases in the data's
base content, and overrepresented sequences are all potential issues. Inaccuracies in representing

original nucleic acid sequences are inevitable throughout library preparation and sequencing stages.
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The "FASTQ Quality Check" (FASTQC) program is a Java-based quality control check on sequence data

that includes per-base and per-read quality profiling capabilities.

The pre-processing of the FASTQ files in this study removed adapter sequences

“CTGTCTCTTATACACATCT”, base calls with PHRED scores <20 and reads of <20 bp.

The FASTQ files are mapped to the reference genome. The Burrows-Wheeler Aligner (BWA) mapping
(version 0.7.12) application was used to map reads to the human genome reference UCSC hgl9
GRCh37 and to generate a technology-independent SAM file format. This SAM file generated is

converted to BAM which is the compressed binary version of a SAM file.

Next, we sort and merge the BAM files generated from different lanes of the same sample into one
BAM file using Samtools (version 1.2), and the duplicated fragments are marked and eliminated with
Picard (version 2.2.1). The genome sequence files for Homo sapiens UCSC hg19 were downloaded from

the UCSC Genome Browser website.

The Genome Analysis Tool Kit GATK-HaplotypeCaller was utilized for variant calling. To identify single
nucleotide polymorphisms (SNPs) and small indels (ranging from 1 to 100 base pairs) within the target

region, HaplotypeCaller is employed.

For filtration of variants, the in-house developed pipeline generates the VCF (variant calling file) with
around 40,000 variants as expected in the WES data. The VCF file is a text file and can be converted
into a MS Excel file that represents various variant calls such as SNPS, indels, and structural variants.
Each line in the VCF file represents a single variant, with columns representing various features of that
variant such as chromosomal number and position, reference allele, alternate allele, consequence,
gene name. Following VCF generation, ANNOVAR tool is used for annotating the variants with allele
frequency from different databases. It uses the Filter-based annotation to identify known rare dbSNP
variants and their reported frequencies, the allele frequency in the 1000 Genome Project, Exome
Aggregation Consortium (ExAC) or Genome Aggregation Database (gnomAD), calculate the
SIFT/PolyPhen and other information (Wang et al., 2010) (Karczewski et al., 2017) (Karczewski et al.,
2020) (Auton et al., 2015).

Then, we removed the "not pass" variations and ranked the variants in the annotated VCF files. The
GATK hard filtering and the QC data given by the lab essay validation standard operating procedure
determine the selection of these filtration criteria. Genomic Analysis Toolkit (GATK) is a tool for

analyzing genomic data and finding variations in germline DNA and RNA.
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Software versions

Bcl2fastq v2-20, which is a conversion software supported by Illumina to conrvet bcl files to FASTQ
files. BWA-mem (aligner) v-0.7.12, Burrows Wheeler Aligner, is a program that uses algorithms to
perform alignment and mapping of relatively similar sequences to a large reference genome.

Samtool v1.2, Sequence Alignment/Map, is a software tool with a collection of functions used to store
nucleotide sequence alignment in a flexible format (SAM, BAM, or CRAM) that can be manipulated by
sorting, combining, indexing, and swift reads retrieval.

GATK-HaplotypeCaller v-4.1.4, which utilizes local de-novo assembly of haplotypes to do simultaneous

SNP and indel calling.

2.7 Sanger sequencing

Sanger sequencing was used to validate for identified TagMan assay, NGS, and WES variants. Sanger
sequencing was developed to read the sequence of individually amplified DNA samples. The chain
termination method of sequencing is commonly called Sanger sequencing depends on using
dideoxyribonucleotide triphosphate (ddNTPs) or any deoxynucleotide analogue that does not contain
a 3’-OH. The process requires a template, a DNA polymerase, normal NTPs and labelled (irreversible)
terminators. The base is chemically altered by adding a fluorescent adduct so it can be detected. The
2'-deoxyribose sugar is modified by substitution the 3'-OH with -H to produce a 2'3'-dideoxynucleotide.
Incorporation of a 2’,3’-dideoxynucleotide terminates DNA strand synthesis (Sanger et al., 1977). DNA
can be accurately and sensitively separated by capillary electrophoresis using a viscous polyacrylamide
matrix. In vertical slab gel electrophoresis, the gel remains static. The medium flows so that it is
constantly refreshed to separately identify each ddNTP terminated DNA. In a reaction tube, Taq
polymerase was added with primers, target DNA to be sequenced along with dNTPs and small amounts
of ddNTPs chain terminators (each of which is fluorescently labeled with a different dye). The dNTPs:
ddNTPs ratio is around 300:1. During the target amplification reaction, when a ddNTP is cognated to
the strand, it will be fluorescently labeled at the 3" end and it will block any further dNTP extension
and terminate the process. This allows the production of multiple terminated products from the same
template (Sanger et al., 1977). Sanger sequencing uses an excess of template. Each copy should be
terminated at some point and since we have so many copies, we can read the sequence. However, the
efficiency of the termination reaction varies, so the peaks are uneven. These ddNTPs are each labelled

with a different fluorescent label and therefore has a different emission spectrum, which is what is
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read by the detector on excitation with a laser when they reach the end of the capillary. A detector
will detect the dye emission color and computer software will translate it into digital readable data
(Smith et al., 1986). The workflow of Sanger sequencing after an exponential PCR amplification of a
genomic template, consists of three major steps that includes cycle sequencing, purification of cycle

sequencing products, and drying and denaturing. (Figure 28)
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Figure 28: Principle of Sanger sequencing.

Target DNA is amplified and attached to a primer. With added dNTPs and ddNTPs, the
complementary chain will grow until it encounters a termination dye. Then, the grown chain is
denatured and electrophoresed. Afterwards, fluorochromes are detected by laser detection and a
computational sequence analysis is performed.

Source: From Wikimedia Commons, the free media repository. This figure is licensed under the
Creative Commons Attribution-Share Alike 3.0 license. creativecommons.org

2.7.1 Primers
| have designed the primers using a primer designing tool, Primer-Blast, and ordered them from

Microgen.

HBB gene
Custom oligonucleotide primers were designed to cover the 5’UTR exon 1, intron 1, exon 2, intron 2,

and exon 3 of the HBB gene. (Figure 29)(Table 7)
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>NC_000011.10:¢5227271-5225264 Homo sapiens chromosome 11, GRCh38.p14 Primary Assembly

ATATATCTTAGAGGGAGGGCTGAGGGTTTGAAGTCCAACTCCTAAGCCAGTGCCAGAAGAGCCAAGGACAGGTA
CGGCTGTCATCACTTAGACCTCACCCTGTGGAGCCACACCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGGGAG
GGCAGGAGCCAGGGCTGGGCATAAAAGTCAGGGCAGAGCCATCTATTGCTTACATTTGCTTCTGACACAACTGTG
WCACTAGCAACCTCAAACAGACACC-GTG CATCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGG
GCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAGACAGGTTTAA
GGAGACCAATAGAAACTGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCACTGACTCTCTCTGCC
TATTGGTCTATTTTCCCACCCTTAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGAT
CTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGT
GATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGTGAGCTGCACTGTGACAAGCTGCA
CGTGGATCCTGAGAACTTCAGGETGAGTCTATGGGACGCTTGATGTTTTCTTTCCCCTTCTTTTCTATGGTTAAGTT
CATGTCATAGGAAGGGGATAAGTAACAGGGTACAGTTTAGAATGGGAAACAGACGAATGATTGCATCAGTGTGG
AAGTCTCAGGATCGTTTITAGTTTCTTTITATTTGCTGTTCATAACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCTTITT
TTITTCTTCTCCGCAATTTTTACTATTATACTTAATGCCTTAACATTGTGTATAACAAAAGGAAATATCTCTGAGATAC
ATTAAGTAACTTAAAAAAAAACTTTACACAGTCTGCCTAGTACATTACTATTTGGAATATATGTGTGCTTATTTGCAT
ATTCATAATCTCCCTACTTTATTTTCTTTTATTTTTAATTGATACATAATCATTATACATATTTATGGGTTAAAGTGTA
ATGTTTTAATATGTGTACACATATTGACCAAATCAGGGTAATTTTGCATTTGTAATTTTAAAAAATGCTTTCTTCTTTT
AATATACTTTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCAATAATGATACAATGTATCAT
GCCTCTTTGCACCATTCTAAAGAATAACAGTGATAATTTCTGGGTTAAGGCAATAGCAATATCTCTGCATATAAATA
TTITCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTACCATTCTGCTT
TTATTTTATGGTTGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAATCATGTTCATACCTCTTA
TCTTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTCACCCCACC
AGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGG CCCACAAGTATCAC-GCTCGCT
TTCTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAACTACTAAACTGGGGGATATTATGAAGGG
CCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCATTGCAATGATGTATTTAAATTATTTCTGAATATT
TTACTAAAAAGGGAATGTGGGAGGTCAGTGCATTTAAAACATAAAGAAATGAAGAGCTAGTTCAAACCTTGGGAA
AATACACTATATCTTAAACTCCATGAAAGAAGGTGAGGCTGCAAACAGCTAATGCACATTGGCAACAGCCCCTGAT
GCATATGCCTTATTCATCCCT

Figure 29: Primers’ coverage of Sanger sequencing of HBB.

Bases in red are untranslated regions (UTR). Highlighted bases in green are the starting codon of the
gene. Bases written in bold green are exons 1,2, and 3 respectively. Bases highlighted in yellow are
sequences for forward primers. Bases highlighted in blue are sequences for reverse primers. Bases
highlighted in red is the stop codon of the gene. Bases written in black between the exons are the
introns.

Table 7: HBB forward and reverse sequencing primers.

Primer Sequence

Forward 1 CCAGAAGAGCCAAGGACAGG
Forward 2.1 CTGCTGGTGGTCTACCCTTG
Forward 2.2 CTGAGTGAGCTGCACTGTGA

Forward 3 CTTTACACAGTCTGCCTAGTACA

Reverse 1 TCAAGCGTCCCATAGACTCAC

Reverse 2 TATTGCTATTGCCTTAACCC

Reverse 3 TGTTTGCAGCCTCACCTTCT

PKLR gene (c.1015G>A) (Table 8)(Figure 30)

Table 8: Forward and reverse primers for PKLR gene.

Primer Sequence
Forward CTCAAGGCCTCACTCCAGAC
Reverse CTGTCGCTATTCCCCATCAC
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>ref|NC _000001.10]:155263845-155264310 Homo sapiens chromosome 1, GRCh37.pl3
Primary Assembly

ALGAGGCGEAGGTTGCAGTCGAGCGGAGATT GCGCCACTGCACTCCAGCCTGEGATGACAGAGTGAGACTCC
GTCTCARRRRACARMRACARMACARARLTARLCCCCTACAGTGTGGGTATTCACCCACAGGTGTCCCTARRR
CCCACAGAGTGCCGARACCTCAAGCCCTCACTCCAGACCTETGTGGCACAGACARCACGGCTTGCCCGCCAR
GTTGCAGCGCCCAATCATCATCTTCTGAGCCAGGARARCCTTCTCTGCTGGGATCTCGATGCCTAGETCC

CCCCGTGCCACCATGATGCCGTCGCTCACCTCCAGGATTTCATCARACCTGAGAGETTGECGAGARATCAAG

GCAGAGGCAGGCAGGAGAAGAAAGCH IS G C C CARGGGGARCAGAGCCCARGCT

TCACCTCTTCACGCCTTCGTGGTT CTCAATTTTGCT GATGAT

Figure 30: Sanger sequencing primer design for confirmation of PKLR ¢.1015G>A homozygous
mutation in sample 183.

FANCC gene (c.1015G>A) (Figure 31)(Table 9)

>NC 000009.11:97911800-97912800 Homo sapiens chromosome %, GRCh37.pl3
Primary Assembly

GCCCAGGUTGGAGTGCAGTGGCACAATCTCGGCTCACTGCAATCTCCGCCTCCCAGGTGGAAGCGATCCTCCTGA
CTCAGCCCCCCTACTAGC TEGGATTAGAGCCACACACCACCATCCTTGACTAATTTTTGCATTTTTACTAGAGAC
AGGGTTTCACCATGTTGGCCAGGCTGETCTCAAACTCCTGACCTCAGGTGATCCACCCGCCTTGGCCTCCCARANG
TGCTGGEATTACAGGTGTGAGCCACCACACCTGGCCHGGGATACTCAGTAATTTTTAAGAGTATAAAGGGTACTGA
GACAAAMACCTTTCCGACACTGCTGTCGTACAGTCTTTCCAACACACCACAGCCTTCTAAGAANAGCGAMAMANACGAC
GCAGGATGACAGGAAACATTTGCCACTTACAGCARAATGGCCTCGTTTACAGCCTCAAAGAACTCTGGCTGGAGE
ATTTCCTGAGGTTCACGTCCATGACAGAT GAGGAGAGLCTCCACCAGGGLEEGTCAACATCTGTCAGGGTAATAAGT
GGGACACARACTCGTGACAGGGRACGCCACTCGCTCGGGAGCCATTCTATGGAAGARATAAGARATAATCACTCAR
ATCTAAGAGCCATGCATAATTAAGGACATATAAAMACCTTCATGCTARAAAGGTCARAGACAGATCACCTGTTTT
GCCTCTAAATAAAGAGAATGACTCTAACACCATCGATGAACACTTCTCTTTTATCCAATTCTTTAGGARAGAAATC
TTTTAGCTACCATTGCTGTTTCAGTGTCATTCATGGTCAGGACTTTGTTCTTTATATTCACAGGCACTTAATATG
TCCAAMACACAACTCCTGAATTCCCTTCCCAGTGTTCCCTTTCCCCAGTGCTATCTTGTTTGCTCAGGCCCAANT
CCTGATTCCTCCCTTTCTCTCAGGCCCCTCATCTGATCCAT CAGTGAATACTAGCAACACATCTGACCTCTTCTG
AACACCTCCATCACTGTCCTCCTAAG

Figure 31: Sanger sequencing primer design for confirmation of FANCC: c.1015G>A heterozygous
mutation.

Table 9:Forward and reverse primers for FANCC gene.

Primer Sequence
Forward TTCCAACACACCACAGCCTT
Reverse GAGCAAACAAGATAGCACTG
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SMC5 gene (c.676G>A) (Figure 32)(Table 10)

Fwd region: 1-400 Eev region 602-1001

>NC 000009.11:72853035%-728%403% Homo sapiens chromosoms 9, GRCh37.pl3
Primary Assembly
GTAGATGTTTGRARATTGCCTTTTTTTTTCCTTTTTARACCCTCTAACATTTCARCTGATAT GTAATAGACAGTGA
TCATTTTCATCTTGGEACTATGTGTTCTTTTATTCCCARACTTTTATTATACATATGTAGACATTTCARCCTTGR
ARTATTGGCACAGARL A TTTTTARAGATGAT CARAARGGTAACAGTTTATATCCTRAAGTTTATCTTCATTATTCT
AR GAATRATGCACRARAAGGTTTATATCTCARATGTTTTTTTTAATGAGTTTCACCTTGACARGTGTARAGCATTS
AGTGARAATACATTTTGAAGATATATGTAR AT AR TGATAGTTGCTGATATTTAATTTTTGTGCTCTAGGACARRG
TTGEAGRATTTGCTARACTCAGCARAATTGAACTCCTCGAAGCCACTGAARAGTCAATTGGTCCCCCAGARATGC
ACRAATATCACTGTGARACTCARARAACTTARGGZAGRRAGARAA R CAGCTCGAGGTACTTTARATAGACAACTCAT
TTETATTGTTTCTTATTGATTTCTGTATCTCAGRACATGGGAGAGAGAGTAGTAGTATTGATTCATTGAGTGRAAT
TCGTATTTGTGATITTTTTTCACTTAGGATTGTACTGCTAATAT CAGTTAAAGTGACAGAGTGAGAATGGATCTA
ATRATGTGRARAGTTTAAAL GG TTGACTATTTCAGCARATACGTATTACTRAATTGARTTTTTARGGARCCAGTARAC
AGTATTATRARAR AR A T TATCTCAGGRAAGTTATTCTTTCATTCATTCAGTATCTATTARACACCTACTATGTGC
CAGECACTGTGTAAGGCTTTGAGTAATAGARGAGATACCATGTGCCATTTAATATAGCACTTCCGTTGAACCAALT
TCTCTCATGTATTTTTTTCAGT CACATGAGGTAGACTTTGGARAGAGRATTACACATTTAGTTGGAATGTTGGETT
ATTTTCACCATTARTARACATARLAIDE

Figure 32: Sanger sequencing primer design for confirmation of SMC5 gene (c.676G>A) heterozygous
mutation.

Table 10: Forward and reverse primers for SMC5 gene.

Primer Sequence
Forward GGACAAAGTTGGAGAATTTGCT
Reverse CCATTCTCACTCTGTCACTTTAACT

TALDO1 gene (c.604G>A) (Figure 33)(Table 11)
Fwd region: 1-400 Rev region 602-1001

>NC 000011.9:762986-7632986 Homo sapiens chromosome 11, GRCh37.pl3 Primary
Lssembly
GECCTCCCTTGCCTTTGTCTATTGTGTCATGT GGG T TEEAGRRARTCCTGETCACCCATARCCCACTATCC
AGAGCCCTCEGAGTCTTACCGATTTGTTCTTAACAATGGCATGAGCCTGTTCCTGCCTTTTTAGTTTAAGSEC
GRAGCETCTTTGGCAGCCTGTGECTCTGEETGEECACCTGGCCTGCATTCACCTGCCCCGCCCTCACCTGCCCCG
CCTCACCTGECCCCCGCCCTCACCCECCCCCEGCCCTCACCCATCCCCGCCCTCACCGTCCCCGCCCTCACCCGECC
CCECCCTCACCTETCCCCGCCCTCACCTGCCCCGCCCTCACCTETCCCCGCCCCGCAGGGAGCTCGAGEAGTAGT
ACGGCATCCACTGCAACATGACSTTACTCTTCTCCTTCGCCCAGSCTGTGGCCTGTGCCGAGGCGEETGTGACCC
TCATCTCCCCATTTGTTGGGCEGCATCCTTGATTGECATGTGECARACACCGACAAGARATCCTATGAGCCCCTGG
BAGRACCCTGGTGAGGGETCCCTCTETGETAATGEEETRAAGGEEAGCAGCCTCAGCAGCACCT CAGGCAGGAAGAGC
CCGAGACGEAGCT GCCGCATCARCARGCAGT GAGGTGCACAGGTCGGCGCEGEEECAGGCAGGEETGGCGGECTCAR
GETAGTGCAGCCGECAGGCACT GEEAGEECAGETGEEETGETACCTCTGCCGARAGCCTTCCTGGTCACAGCTTGS
TCTCTTTCCAGGGGTARAGAGTGTCACTARAATCTACARCTACTACAAGAAGTTTAGCTACAARACCATTGTCAT
GEECGECCTCCTTCCGCARACACGEGCGAGATCARAGCACTGGCCGGCTGTGACTTCCTCACCATCTCACCCAAGCT
CCTGEEAGAGCTGCTGCAGGACAACGCCARAGCTGETGCCTGTGCTCTCAGCCAAGGCGGETGAGGCCCCACTGCC
CAGCTETGECTCCTGCTCEEGECARGS

ACT

=

=

C
cC
CC
GC

101

Figure 33: Sanger sequencing primer design for confirmation of TALDO1 gene (c.604G>A) heterozygous
mutation.
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Table 11: Forward and reverse primers for TALDO1 gene.

Primer Sequence
Forward GGCATCCACTGCAACATGAC
Reverse CAGGAGCTTGGGTGAGATGG

| performed the whole procedure except loading the samples into the sequencer which was performed
by the lab technician. As for the template preparation, DNA was first precipitated with ethanol by 2.5
volume of absolute ethanol, 1:10 volume of sodium acetate 3 M, pH 5.2 and 1:10 volume of EDTA
0.125 M, pH 8 for each sample. Samples were centrifuged at 14,000 rpm (using MiniSpin centrifuge by
Eppendorf) for 30 min. The DNA pellet was washed with 100 pl of 70% v/v ethanol. Samples were then
dried in open tubes at 65°C for 20 min. Water was then added to each sample (20 ul). Samples were

gel electrophoresed for quality check.

2.7.2 Cycle sequencing

BigDye Terminator v3.1 Cycle Sequencing kit by Applied Biosystems was used. For each sample, 2 ul of
5x sequencing buffer, 1 pl of forward primers, 1 ul of BigDye terminator (cat #4336917), 5 pL water
was added to PCR wells for each sample, then 1 ul of template was added. An amplification program

was set and started as follows: (Table 12)

Table 12: Thermocycling used for amplifying PCR products.

This is a linear amplification done with a single primer. After 25 cycles, optimally, we might have 25
product strands off each template strand. Reaction volume was 10 ul with 2.63 °C/s ramp up
temperature.

Stage Cycle Temperature Time
1 1 96°C 5 min
96°C 45 s

2 25 61°C 5s
60°C 4 min

3 1 4°C oo

Sequencing products were purified and dried by the same method as template preparation but two

extra washes with 70% ethanol were used to remove soluble fluorescent material.
2.7.3 Product Denaturation

The final step before loading the samples in the sequencer (3500 Genetic Analyzer by Thermo Fisher
Scientific/Applied Biosystems/Hitachi) was denaturation. After drying the samples on the thermal

cycler, 15 pl of formamide was added to each sample (for resuspension after ethanol precipitation)
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then transferred to a plate (loaded on plate vertically). The plate was sealed and incubated at 96°C for
5 min then immediately put on ice for 5 min then loaded into the sequencer (Gel POP7, capillary 50,

and temperature ready at 60°C).

All steps were repeated for all samples for a second time but using the reverse PCR primers.

2.8 Muultiplex ligation-dependent probe amplification (MLPA) of the alpha globin gene

cluster

Alpha-thalassemia-causing rearrangements can be identified using MLPA, specifically large deletions
or duplications encompassing the entire a cluster and/or deletions or duplications in the HS-40 region
of the alpha globin genes. MLPA is a quantitative technique used to detect any copy number variations
of at least 60 nucleotides. Here, | have employed MLPA on patients’ samples 1I-17 and 11-14 with only
one heterozygous beta thalassemia mutation to rule out co-inheritance of alpha thalassemia or alpha
thalassemia triplication as a reason for their severe cases. The quantitative approach is necessary
because there are four potentially functional HBA genes in a normal patient. MLPA reaction requires
50-250 ng of genomic DNA. It performs a simple PCR reaction amplification using multiple variable
sized probes (up to 60 probes, 20-30 nt in length) each targeting a specific DNA sequence to evaluate
and detect aberrant copy numbers like deletion or duplication of approximately 50-60 nucleotides in
length. These probes target specific stretches of sequences on the target gene. MPLA probe pairs
incorporate 5’ terminal primer recognition sequences. Ligation of adjacent probes indicates that the
template sequence is present, and it can be quantified after PCR amplification of ligated products

(amplicons of 64-500 nucleic acid unique sequences).

2.8.1 Principle

Genomic DNA is denatured, then a mixture of single-strand MLPA probes is added to the denatured
sample. Each of these probes contains two single-stranded DNA (a left and a right probe
oligonucleotides) with PCR primer and DNA hybridization sequences, and a unique length of about 60-
80 nt (to ensure identification of amplification products downstream the procedure) which will be
ligated using a ligase that binds the left and right probe oligonucleotides (catalyzing the bond
formation between the two) after their hybridization to directly adjacent sequences on the target

gene.
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A stuffer sequence of defined length between the primer’s binding site and the sequence of the target,

on the right probe oligo, helps with the determination of the probe’s total length.

If a mismatch between the probe and its target at the ligation site of even a single nucleotide was
found, the high specificity of the ligation enzyme will prevent it from binding and ligating the oligos.
After ligation, and during the PCR reaction, exponential amplification of the ligated probes is achieved
all at the same time using the same PCR primer pair, forward and reverse (of which the forward PCR
primer is fluorescently labeled), complementary to ligated probes resulting in unique various-sized

amplicons fragments.

Amplicons are then separated based on their length and visualized using capillary electrophoresis

instrument that uses size standard fragments of known length labelled with different fluorescent dyes.

Determination of MLPA amplicons length is achieved by the measured fluorescence which yields a
peak pattern of electrophoretogram. This electrophoretogram compares the migration of the MLPA
amplicons to the size standard fragments. Each amplicon peak was then linked to the correct MLPA

probe that can be quantified during data analysis by measuring each peak’s fluorescent signal.

The raw data generated from the instrument was analyzed using a free MLPA analysis software
(Coffalyser.Net) developed by MRC-Holland. It performs a comparison between each sample to
reference samples calculating a ratio for each probe in each sample which can be visualized by a ratio

chart that sorts the probe ratios on genomic location (Stuppia et al., 2012) (Kozlowski et al., 2008).

2.8.2 Procedure

For the MLPA reaction, | have used EK20-FAM SALSA MLPA reagent kit and SALSA MLPA Probemix
P140 HBA by MRC Holland. Genomic DNA concentration was quantified using Qubit 2.0, then
optimized to 250 ng in total of 5 pl (using TE buffer). Samples were then placed in thermocycler for 5

min at 98°C for denaturation, then cooled down to 25°C.

| have prepared a hybridization master mix for each sample by mixing 1.5 ul MLPA buffer + 0.5 pl probe
mix and added to each sample after denaturation then placed in the thermocycler for 1 min at 95°C,

then 16-20 hours at 60°C to hybridize to the sample DNA.

After that, ligation of MLPA probes mix was prepared by adding 25 pl water + 3 pl Ligase Buffer A
(coenzyme NAD) + 3 pl Ligase Buffer B (Tris-HCI, MgCl,, non-ionic detergent) + 1 pl Ligase-65 enzyme
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(which is a NAD-dependent ligase enzyme that denatures easily at high temperatures) then was added
to each sample while the plate was still in thermocycler from last step, but after adjusting the
temperature from 60°C to 54°C. The thermocycler was then programed to 15 min at 54°C for ligation,

then 5 min at 98°C for inactivation of Ligase-65 enzyme, then cooled to 20°C.

Next, polymerase primer master mix was prepared by mixing 7.5 ul water + 2 pl SALSA PCR primer mix
(synthetic oligonucleotides with fluorescent dye, dNTPs, Tris-HCL, KCL, EDTA, non-ionic detergent) +
0.5 ul SALSA Polymerase (glycerol, non-ionic detergent, EDTA, DTT, KCL, Tris-HCI, polymerase enzyme)
then was added to each MLPA reaction at room temperature. Immediately, the tubes were placed in
the thermocycler and the program was set as follows, 35 cycles of 95°C for 30 s, 60°C for 30 s, 72°C for

60 s, then incubation period of 72°C for 20 min.

PCR products were stored at 4°C in a dark box (fluorescent dyes are light sensitive) to continue the
next day. To avoid contamination, tubes were not opened in the room with the thermocycler after
PCR, and different micropipettes were used. The injection mixture was prepared by mixing 0.7 ul PCR
reaction, 0.3 pl ROX size standard, 9 ul formamide and was added to each MLPA reaction. The plate
was then sealed and heated for 3 min at 85°C, then cooled down to 4°C for 2 min. Finally, the plate
was loaded in the ABI-3500 Genetic Analyzer instrument for fragment separation by capillary
electrophoresis, which uses FAM as the primer dye, 50 cm capillaries, run voltage of 15 kV, and an

injection mixture of 0.7 pl PCR reaction, 0.3 pl ROX 500 size standard, and 9 ul formamide.

Coffalyser.Net was used for data analysis.

2.9 Affymetrix CytoScan HD array

The CytoScan HD kit (901835) for copy number analysis was used throughout the procedure with total
number of about 6.5 M of probes (~25 bp), hg19 genome build, 25 kb minimum resolution for losses,
50 kb minimum resolution for gains, and 25 marker/100 kb (more than 2.4 M copy number markers)
of genes covered. | have used and performed this technique on I-2 (the father) for CNV analysis. The
CytoScan HD array is designed to measure deletion and duplication of genetic material (CNVs) as well
as SNPs, loss or absence of heterozygosity, acquired UPD, and chromosomal aberrations detection
using high-density pattern of oligonucleotide probes that are spotted onto a solid surface (DNA

microarray) to hybridize complementary sequences of fragmented target genomic DNA. This platform
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uses dual-probe design chosen for their minor-allele frequency for copy number and SNPs (25 bp in

size) (Scionti et al., 2018).

2.9.1 Protocol

Extracted genomic DNA was quantified using Qubit for its concentration and nanodrop for its purity.

Each sample was diluted to 250 ng/ul in a total volume of 5 ul using nuclease-free water.
29.1.1 Digestion of genomic DNA into fragments with Nspl endonuclease

All work steps are done on ice. Each sample was prepared for digestion by adding 11.55 pl of Chilled
Affymetrix Nuclease-Free Water, 2 ul of 10x Nspl buffer (1000 mM NacCl, 100 mM Tris-HCI, pH 8.0, 50
mM MgCl,, 10 mM 2-maercaptoethanol), 0.4 ul 50x BSA (Bovine Serum Albumin to prevent enzyme
adhesion to tubes and pipettes), 1 pl Nspl digestion endonuclease (a restriction enzyme that
recognizes the sequence RCATG"Y and cuts best at 37°C generating 3’ overhang) to 5 ul of sample and

subsequently loaded onto the thermal cycler and run at 37°C for 2 hours, followed by 65°C for 20 min.
2.9.1.2 Ligation (digestion-ligation-amplification)

A master mix of 2 ul T4 DNA ligase (ligates two strands of DNA with either cohesive or blunt ends), 10x
T4 DNA ligase buffer (0.2 ul), and 0.75 ul of 50 uM adaptor Nspl (single-stranded oligo that recognize
the cohesive four bp overhangs used as linker for ligation regardless of fragment size) was prepared
and added to each sample, vortexed, and centrifuged then loaded onto the thermal cycler and run at

16°C for 3 hours, followed by 70°C for 20 min, then held at 4°C overnight (stopping point).

29.1.3 PCR

PCR: The next day, samples were diluted by adding 75 pl of NFW bringing up the total volume of each
sample to 100 pl. Each ligated and diluted sample were transferred with the amount of 5 ul/ PCR tube
to a total of 8 tubes for each sample. Next, PCR master mix was prepared with 19.75 pl of Chilled
Affymetrix H20, 5 ul of 10x Titanium Taqg PCR buffer, 10 ul of GC melt reagent, 7 ul of dNTP mixture
(2.5 mM each), 2.25 pl of PCR primer, and 1 pl of 50x Titanium Taq PCR polymerase and added to
each sample then loaded onto the pre-programmed thermal cycler as follows, one cycle of 94°C for 3
min, followed by 30 cycles of 94°C for 30 s, 60°C for 45 s, and 68°C for 15 s, then 1 cycle of 68°C for 7
min, and hold at 4°C.
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Quality control check

PCR reaction was checked by running 2% TBE gel electrophoresis using 3 ul of PCR product with 2 pl
of 5x RapidRun loading dye. The gel was run at 5 V/cm for 45 min. PCR products were between 150
bp-2000 bp.

29.14 Purification of PCR products from un-incorporated dNTPs

All 8 aliquoats of each sample were pooled and collected in one tube. Purification Beads (720 pl) was
added to each pooled sample and incubated at room temperature (20°C -20°C) for 10 min then
centrifuged for 3 min at maximum speed. Tubes were placed on magnetic stand for 3 min and the
supernatant was discarded. The bead pellet was washed 2 times with purification wash buffer (15t with
1000 pl, then with 500 ul), vortexed for 2 min then centrifuged for 3 min then placed on magnetic
stand for 3 min and supernatant of wash buffer was discarded. The tubes were removed from magnetic
stand and incubated uncapped at room temperature for 10 min to allow the remaining wash buffer to
evaporate (air-dry). Purified samples were then eluted by adding 52 ul of elution buffer directly onto
the beads pellet then placed on magnetic stand for 10 min. Supernatant of eluted sample was

collected.
Quantitation of purified samples

Each sample was measured by diluting 1 pl of sample in 9 pl of NFW using Qubit (samples should yield
>3 pg/ ul).

2.9.1.5 Sample fragmentation

It is performed to reduce the purified PCR product size from 150-2,000 bp to 25-125 bp for optimal
hybridization to the (25-mers) array probes. PCR tubes were chilled on ice for 10 min before use. A
fragmentation master mix was prepared by mixing 12.38 pl of Chilled Affymetrix NFW, 15.84 ul of 10x

fragmentation buffer, and 0.58 ul of DNase | enzyme fragmentation reagent (2.5 U/ pl).

After mixing, 10 pul of fragmentation mix was transferred to cooled PCR tube and 45 ul of purified PCR
product (sample) was added to it and loaded onto the thermal cycle at 37°C for 10 min followed by
95°C for 15 min. Fragmentation reaction was checked by using 4% TBE gel electrophoresis (fragment

distribution between 25 bp to 125 bp).
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2.9.1.6 Labeling

Labeling master mix was prepared by mixing 14 ul of 5x TdT (Terminal Deoxynucleotidyl Transferase)
buffer, 2 ul of 30 mM DNA labeling reagent (biotin based), and 3.5 pl of TdT (30U/ pl), then added to

each sample, vortexed, and centrifuged for 1 min.

After that, samples were loaded onto the thermal cycler at 37°C for 4 hours followed by 95°C for 15

min.
2.9.1.7 Target hybridization

GeneChip Hybridization Oven 640 by Applied Biosystems was turned on and pre-heated to 50°C and
set to 60 rpm an hour before hybridization. The CytoScan HD array which uses 49 format and a 5 pl
feature size (array/ sample) was unwrapped (from 4°C) and placed on the bench for 10 min at room
temperature. The hybridization master mix was prepared on ice by mixing 165 pl of Hyb buffer part 1,
15 ul of Hyb buffer part 2, 7 pl of Hyb buffer part 3, 1 ul of Hyb buffer part 4, and 2 ul of oligo control
reagent 0100. The master mix was then added to each sample and incubated on thermal cycler at 95°C
for 10 min for denaturing, then cooled down to 49°C for 1 min. The sample (200 pl) was then injected
immediately into the array (with the septa covered by Tough-Spot to prevent evaporation and leakage)

and placed into the hybridization oven for 18 hours (within 1 min of injection).
2.9.1.8 Washing, staining, and scanning arrays

GeneChip Fluidics Station 450 instrument by Applied Biosystems was used for washing, staining, and
scanning the arrays. A protocol ‘CytoScanHD_Array_ 450’ was selected from the AGCC Fluidics Control
Panel. For each array, 3 microfuge vials were loaded on the Fluidics instrument with 500 pl of Stain
Buffer 1, 500 pl of Stain Buffer 2, and 800 ul of Array Holding Buffer. Washing buffers, A and B, were
filled in their designated reservoirs. After array hybridization, the array was removed from the oven
and the Tough-Spots were removed from the arrays. The whole amount of 200 ul of the hybridization
cocktail was pipetted and discarded using any of the openings on the array. After that, the array was
immediately inserted into the designated module of the Fluidics station and the Fluidics protocol was
initiated. After completion of washing and staining, the array was prepared for scanning by cleaning
off excess fluid from around the septa, then covering both septa with Tough-Spots. The Affymetrix
GeneChip Scanner 3000 was turned on 10 min before use. The arrays were loaded onto the AutolLoader
of the scanner and the scanning process was initiated, and results were analyzed using Chromosome

Analysis Suite (ChAS) software to perform .CEL file analysis.
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2.10 Whole genome sequencing

The procedure of "whole-genome sequencing" identifies the DNA sequence of a genome in its whole.
DNA shearing, barcoding, sequencing, and data analysis are the basic stages in the whole genome

sequencing.

For the whole genome sequencing from human blood samples, DNBSEQ-G400S from MGI was used.
Whole genome kit was not available in our laboratory and the samples were sent out. High-fidelity
PCR Enzymes and innovative adaptor ligation technology were utilized in the library prep set to greatly
boost library yield and conversion rate from 5-400 ng of genomic DNA into a customized library. All of
the reagents included in this package had completed rigorous quality control and functional
verification processes, ensuring consistency and reliability of performance. A high quality of genomic
DNA (0OD260/0D280=1.8 ~ 2.0, OD260/0D230>2.0) was used for fragmentation for each sample.
The protocol of the whole genome sequencing included twelve steps: fragmentation, size selection
and cleanup of fragmentation product, end repair, a-tailing, adapter ligation, adapter-ligated DNA
cleanup, PCR amplification, clean-up of PCR product, quality control of PCR product, denaturation,

single strand circularization, enzymatic digestion, and enzymatic digestion product clean-up.

2.10.1 Procedure

2.10.1.1 Fragmentation

At first, The Frag Buffer Il was retrieved from storage and thoroughly mixed by vortexing before being
added to fresh 0.2 mL PCR tubes with <=45 pL genomic DNA (dilution buffer was added to DNA when
volume was less than 45 pL). After the samples were briefly centrifuged and set on ice, 15 ulL of the
fragmentation mixture (10 uL Frag buffer Il + 5 pL Frag enzyme Il) for each sample was transferred,
mixed by pipetting 10 times, and the solution at the bottom of the tubes was collected after
centrifugation. Then, it was loaded onto the thermocycler at 30°C for 8 min, 65°C for 15 min, then
cooled down to 4°C. After that, to gather the solution at the tube’s bottom, the samples were briefly

centrifuged.
Quality control

Quantification of the fragmented DNA samples to check that our DNA is at useful length. Samples were
run on an Advanced Fragment Analyzer Automated CE System by Advanced Analytical Technologies
with the DNF-930 dsDNA kit 75 bp — 20,000 bp manufactured by Agilent (expected DNA fragments

range from 200-500 bp). All reagents were loaded in the instrument as instructed in the manual and
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the results were looked at by ProSize 2 software. Our fragments size should be 100 bp- 1000 bp peaking
at 300 bp -500 bp.

2.10.1.2 Size selection and fragmentation product cleaning

For the size selection, following the manual instructions, 36 puL + 12 plL beads were used to obtain the
fragmentation products with a main peak=of 330 bp, which is suitable for PE150. The DNA-clean beads
were allowed to be warmed to room temperature, followed by mixing by the vortex. Next, the 1.5 mL
centrifuge tubes holding 60 uL of fragmentation product received 36 pl of clean DNA beads, and mixed

by pipetting 10 times, then incubated for 5 minutes at room temperature.

After centrifugation, the tubes were placed on the Magnetic Separation Rack for 2 to 5 minutes to
allow the liquid to become transparent. The supernatant was then transferred to fresh 1.5 mL
centrifuge tubes. After that, 12 mL of clean DNA beads and 96 mL of supernatant were added to
centrifuge tubes, and the mixture was pipetted ten times and incubated at room temperature for 5
min. The tubes were then centrifuged and placed on a Magnetic Separation Rack for two to five
minutes until the liquid became clear, followed by removing of the supernatant. The beads walls were
then washed with 200 ul of freshly made 80% ethanol and supernatant was discarded. The washing
step was repeated once and all the liquid from the tubes was removed. Following that, the tube was

incubated for 5 minutes at room temperature with the lid open to air-dry the beads.

After that, the centrifuge tubes were removed from the Magnetic Separation Rack, 43 pL of TE Buffer
was added to elute the DNA and incubated at room temperature for 5 min. Next, the tubes were
centrifuged, and were placed onto a Magnetic Separation Rack for 2 to 5 minutes until the liquid
became clear. Finally, new 0.2 mL PCR tubes were filled with 41 pL of supernatant. The purified

fragmented DNA was quantified using Qubit 2.0 high sensitive dsDNA kit.
2.10.1.3 End repair and A-tailing

TE buffer (40 pL) and 100 ng of purified fragmented DNA were added to new 0.2 mL PCR tubes. Then,
the end repair and A-tailing mixture were prepared on ice by adding 7.1 uL of ERAT buffer and 2.9 uL
of ERAT enzyme mix. Then, 10 uL of this mixture was added to the fragmented DNA, vortexed,
centrifuged, and the solution at the bottom was collected and placed into the thermocycler at 37°C
for 30 min then 67 °C for 15 min, followed by centrifugation and fluid at the tubes' bottom were

collected.
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2.10.1.4 Adapter ligation

The MGIEasy DNA Adapters (diluent) were added to the PCR tubes in a volume of 5 L, vortexed,
centrifuged, and the bottom solution was collected. Following that, the adapter ligation mixture was
prepared on ice by adding ligation buffer (23.4 pyL) and DNA ligase (1.6 uL), then 25 uL of the mixture
was added to the sample, vortexed, centrifuged, and solution at the bottom of the tube was collected
and placed on the thermal cycler at 23°C for 30 min. The solution at the bottom was collected after

centrifugation and 20 pL of TE buffer was added to make a total volume of 100 pL.
Adapter-ligated DNA cleanup

DNA Clean Beads (50 uL) were added to the adapter-ligated DNA and mixed by pipetting before being
incubated at room temperature for five minutes. The samples were centrifuged and placed onto a
Magnetic Separation Rack for 2-5 minutes (until solution was cleared). Next, the supernatant was
discarded. After that, the tubes on the Magnetic Separation Rack were kept after the beads had been
cleaned with 200 pL of freshly prepared 80% ethanol, and the supernatant was then removed after 30
seconds of incubation. The liquid was completely emptied from the tubes without disturbing the beads
after repeating the washing step. The beads were air-dried on the Magnetic Rack, then 21 uL of TE
buffer was used to elute the DNA. After mixing, the samples were incubated for 5 minutes at room
temperature and 19 ulL of the supernatant was collected after putting them back on the Magnetic

Separation Rack for 2 to 5 minutes.
2.10.1.5 PCR amplification

The PCR amplification mixture was prepared on ice by adding PCR enzyme mix (25 uL) and PCR primer
mix (6 pL). Following the transfer of 31 pL of the PCR amplification mixture to the PCR tubes, the
mixture was vortexed and centrifuged and loaded onto the thermal cycler at 95°C for one cycle, then
98°C for 20 sec, 60°C for 15 sec, and 72°C for 30 sec for 3 to 12 cycles, then 72°C for 10 min. After a
quick centrifugation of the samples, all of the solutions were then transferred to fresh 1.5 mL

centrifuge tubes.
Clean-up of PCR product

Each sample was then given 50 pL of DNA Clean Beads, which were then transferred to the centrifuge
tubes and thoroughly mixed by pipetting. This was then let to sit at room temperature for five minutes.
After a brief centrifugation, samples were then put onto a Magnetic Separation Rack for 2-5 minutes

until the liquid turned clear, after which the supernatant was discarded. Then the washing step using
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freshly prepared 80% ethanol was repeated twice and the beads were air dried, eluted with TE buffer,
mixed, incubated at room temperature, centrifuged, then put back on the rack and supernatant was

collected.
Quality control of PCR product

Purified PCR products were quantified using Qubit 2.0 high sensitive dsDNA kit to achieve the required
yield of 1 pmol. Then, using electrophoresis-based tools, the fragment size distribution of the purified

PCR products was evaluated. (Bioanalyzer).
2.10.1.6 Denaturation

TE buffer (48 pL ) was added to each sample's 1 pmol of purified PCR products, and loaded onto the
thermal cycler at 95°C for 3 min. Then, the tubes were immediately put on ice for 2 minutes after the

reaction was finished, followed by quick centrifugation.
2.10.1.7 Single Strand Circularization

The single-strand circularization mixture was prepared on the ice by adding Splint buffer (11.6 pL), and
DNA rapid ligase (0.5 uL). After that, 12.1 L of single-strand circularization mixture was transferred to
the sample tube, mixed, centrifuged, and loaded to the thermocycler at 37°C for 30 min. Then, the

tubes were put on ice.
2.10.1.8 Enzymatic Digestion

An enzymatic digestion mixture was prepared by adding Digestion buffer and Digestion enzyme (1.4
pL) and (2.6 plL) respectively. Each PCR tube contained 4 pL of the enzymatic digestion mixture, was
vortexed, centrifuged, and then put into the thermocycler at 37°C for 30 min. Each sample's solution
was then collected after centrifugation and transferred into new 1.5 mL centrifuge tubes after being

vortexed with 7.5 ulL of digestion stop buffer.
Enzymatic digestion product cleanup

The enzymatically digested product was mixed with 170 pL of DNA Clean Beads and incubated at room
temperature for ten minutes. The samples were then quickly centrifuged, put on the Magnetic
Separation Rack for 2-5 minutes until cleared, and the supernatant was removed. The washing step
using freshly prepared 80% ethanol was done twice and the DNA was eluted with TE buffer (by

repeating the same steps performed in cleaning up steps).

Quality control of enzymatic digestion product
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The Enzymatically digested products were quantified using Qubit® 2.0 ssDNA Assay Kit. ssDNA, ng/
input products of PCR dsDNA, ng was quantitated (< 7%).

Samples were loaded on the sequencer machine after that.

2.11 Insilico variants analysis

2.11.1 FANCC

Mutant protein model modelling

We used the ModWeb web server to develop a mutant model of FANCC, (Webb & Sali, 2021). As a
template for the mutant model, we selected the experimental crystal structure of FANCC with PDB ID
7kzp and Chain A (Wang et al., 2021). This template structure was used to build the mutant model with
a mutation at position 197 (E197). The mutation was introduced using the ModWeb server's built-in
mutation tool. By adjusting the template structure's coordinates to reflect the mutant allele, the server
constructed the mutant model using homology modelling techniques. We then used energy-
minimization methods to further refine and optimize the mutant model, making it more accurate and
stable structurally. The final output was a 3D structure of the FANCC mutant model with the E197
mutation, which can be further analyzed and studied for its potential effects on protein function and

interactions.
DynaMut server prediction

Dynamut is a computational method used for predicting the effects of amino acid substitutions on
protein stability of FANCC (Rodrigues et al., 2018). To determine whether a mutation would stabilize
or destabilize a protein's structure, this method predicts the resulting changes in free energy (AAG).
The server determines the free energy shift (AAG) due to a mutation by utilizing molecular dynamics
simulations and statistical thermodynamics. mCSM, SDM, and DUET, which are structure-based
predictions, are also provided by Dynamut. Using several distinct algorithms, each of these predictions
make advantage of unique aspects of protein structure and sequence. The NMA-based predictions
determine the mutation-induced free energy change (AAG ENCoM) by employing normal mode
analysis (NMA). To evaluate how much the flexibility of a molecule has changed as a result of a
mutation, Dynamut also computes the difference in vibrational entropy energy between the wild-type

and mutant structures (AASVib ENCoM).

MD simulations
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MD simulations were performed on both wildtype and mutant type of FANCC proteins using Desmond

(https://www.deshawresearch.com/) (Roopa et al., 2023). At first, we utilized the system builder utility

to get the system ready for simulation after having pre-processed the protein with the protein
preparation wizard. Each protein was given its own spot inside an orthorhombic simulation box, 10A
from any of the box's edges. The system was solvated by a simple point charge (SPC) water model that
had already been brought to equilibrium. To neutralize the system, Na+, Cl-, together with 0.15 M salt
(NaCl) concentration, were supplied to the system. Desmond protocol was applied to relax the model
system before the MD simulation. The first step in this six-step relaxation protocol is a 12-ps NVT
ensemble simulation at 10K with restraints on the solute heavy atoms. This is followed by a 12-ps NPT
ensemble simulation at 10K and pressure (P) = 1atm with the same restraints, a 12-ps NPT ensemble
simulation with restraints on the nonhydrogen solute atoms, and a 24-ps NPT ensemble simulation
without restraints. Using Desmond's factory settings for the barostat (Martyna-Tobias-Klein) and
thermostat (Nosé-Hoover), we were able to get a stable environment in terms of both pressure and
temperature. Finally, the protein's force field parameters were assigned using the OPLS3 force field
(Harder et al., 2016), and a 100ns MD simulation in the NPT ensemble (T = 300K, P = 1atm) was run,

with the trajectory recorded at 100ps intervals by producing about 1000 frames.

2.11.2 SMC5 and TALDO1

Al protein model

We obtained the protein sequences of SMC5 and TALDO1 from the UniProt database using their
respective UniProt IDs Q81Y18 and P37837. To construct the three-dimensional (3D) structures of
SMC5 and TALDO1, we used AlphaFold, a software that predicts the most likely 3D structure of a
protein based on its amino acid sequence. AlphaFold utilizes two neural networks: one to predict a
distance map between pairs of residues and another to refine the distance map into a 3D structure.
To evaluate the stereochemical quality of the models, we utilized Ramachandran plots. These plots
characterize the distribution of phi and psi angles of amino acid residues within a protein structure,
allowing for the identification of areas with suboptimal stereochemistry. We also employed ProSA-
web to test the structural compatibility of the models with the proteins’ amino acid sequences. This
tool generates a Z-score that indicates the degree by which a structure's energy deviates from the

expected energy of a structure with a comparable amino acid constitution.

Mutated protein model
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To generate SMC5 and TALDO1 mutant sequences, we manually corrected amino acids in the protein
sequence. The residues chosen for mutagenesis were based on their known or projected significance
in protein function. The Swiss Model server was used to model the mutant structures of SMC5 and
TALDO1, wherein we provided the mutant sequences and our AlphaFold protein models as templates

for the modeling process.
Protein stability

To evaluate the effect of amino acid changes on protein stability, we utilized Dynamut - a
computational tool that predicts the change in free energy (AAG) produced by mutations. This
assessment helps in determining whether the alterations are stabilizing or destabilizing in protein

structures like SMC5 and TALDO1. Calculating AAG for a given mutation was done just as FANCC.
MD simulations

Desmond was used to create MD simulations of both wild-type and mutant SMC5 and TALDO1 proteins
(Roopa et al., 2023) the same was as FANCC.

2.11.3 Molecular docking

Molecular docking was performed for the normal PKLR protein and the mutated PKLR (Asp339Asn)
domains. First, we used both NCBI PDB ID and UniProt ID databases for the biological data collection
of normal enzymes. I-TASSER server was used for modeling the 3D protein structures of normal and
mutated enzymes, and each compound structure was obtained from the PubChem database. For the
energy-minimizing process, Swiss PDB Viewer (spdby) was used to modify all compound structures.
Format conversion from pdb to pdbgt was done by using Open Babel (Version 2.3.1) software. After
that, Discovery Studio software (Version 2019) was used to handle the alteration of each protein and
ligand by adding hydrogen atoms and metals, before the molecular docking process. The grid box with
1.00 A spacing and a grid map of mutated with the projected substrate were defined using Auto Dock

Vina (Version 2.0) (Mohamed et al., 2022).

Page | 108



CHAPTER THREE
IDENTIFICATION AND CHARACTERIZATION OF GENOTYPIC

VARIATIONS IN PATIENTS WITH BETA THALASSEMIA MAJOR
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3.1 Brief introduction

Given the wide prevalence of haemoglobinopathies disorders, their severity, and their need for life-
long health care, these disorders attract probably significant attention and impose a major burden on
the health of the Saudi nation. Providing healthcare to patients suffering from such diseases and

syndromes carries a high cost both in monetary and emotional terms.

The term hemoglobinopathies often refer to defects or mutations in one of the alpha or beta globin
genes which will result in either the expression of an abnormal hemoglobin chain in the hemoglobin
molecule that leads to a change in the translated amino acid a structural defect, or a change in the
guantity of globin protein produced, caused by a mutation that lead to overproduction,

underproduction, or no production of the normal globin protein subunit (Weatherall, 1980).

Sickle cell anemia was the first genetic disease to be attributed to a defect in a specific molecule, by
Pauling and colleagues in 1949 and occurs as a result to a specific protein mutation (Pauling et al.,
1949). The change of normal hemoglobin to sickle cell hemoglobin occurs by a single nucleotide change
from GAG to GTG at codon 7 of the open reading frame of the beta globin gene (HBB) and results in
changing the transcribed codon from hydrophilic glutamic acid to the hydrophobic valine (p.E7V). This
mutation causes a dramatic change in the hemoglobin structure under conditions of deoxygenation,

and a severe malfunction leading to anemia (Ingram, 1956).

Thalassemia, on the other hand, is characterized by reduced hemoglobin in the RBC causing
inadequate oxygen transport to the body. There are many forms of thalassemia ranging from mild to
major (Marengo-Rowe, 2007). In order to help aid in preventing the rising number of people affected
with these hemoglobinopathies, researchers in Saudi Arabia are employing molecular screening

techniques to identify the most common and rare pathogenic HBB variants within the population.

In this study, we aim to tackle the issue of hemoglobinopathy genetic testing by identifying all the
mutations that are causing anemia in a set of 154 patients who are transfusion dependent and have
been diagnosed, probably, as thalassemic, which will enable us to identify novel alleles and pathogenic
combinations of alleles in the beta global gene within Saudi population in Jeddah with the utilization

of the most recent and advanced molecular techniques.
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3.2 Use of TagMan genotyping assays in identifying patients with the most frequently

known B-thalassemia variants within Saudi population

TagMan genotyping assays were custom designed using Life Technologies Design Panel to be
performed on 154 samples. Reference sequence and variant-allele specific probes were designed for
each of these previous mutations (reported common within Saudi population). Two different reporter
dyes were used of which one probe labeled with VIC® dye to detect the reference sequence and one
probe labeled with FAM™ dye to detect variants. The QuantStudio 12K Flex of Applied Biosystems was
used for gPCR genotyping. PCR cycles were used as indicated by the manufacturer and assay optimized

conditions were followed as indicated in the Experimental Procedures.

As a result of this experiment, 93 samples were found to be homozygous for one of the variants used
in SNV assays (homozygous sickle cell was found in 28 samples) which is as expected from
consanguineous families (Figure 36). Also, compound heterozygous mutations were found in 7 samples
(Figure 37), which would reflect the high prevalence of beta-thalassemia alleles in the population. This
makes a total of 100/154 samples confirmed for beta thalassemia and SCD diagnosis using our custom
designed variants assays, thus not investigated further. Figure 35 shows examples of the genotyping
experiment results. Nevertheless, 20 samples of the remaining samples had single heterozygous
mutation (Figure 38), which is conventionally seen as insufficient to cause thalassemia major, and 34
samples tested negative for all of these variants. These 54 samples were investigated further using a
more comprehensive sequencing technique to identify possibly novel or unassigned pathogenic

variants of beta-thalassemia (Figure 34).

154 samples

100 samples 54 samples

Confirmed beta thalassemia and sickle cell

: Heterzygous and/or no HBB mutation
anemia

93 samples 7 samples 34 samples 20 samples

Homozygous Compount heterzygous No mutation detected Heterozygous

Figure 34: Genotyping result distribution
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Figure 35: Example of genotyping of the rs33915217 SNP (c.92+5G>C).

Allele 1 appears in yellow and allele 2 appears in grey. The first plot is a sample with a heterozygous
mutation. Both Allele 1 labeled with VIC dye and detects the reference sequence and Allele 2 labeled
with FAM dye and detects the variation sequence were amplified in the gqPCR. The second plot is a
sample with a reference homozygous mutation. Allele 1 labeled with VIC dye and detects the reference
sequence was the only probe amplified in the qPCR. The third plot is a sample with a homozygous
mutation for the rs33915217 SNP. Allele 2 labeled with FAM dye and detects the variation sequence
was the only probe amplified in the qPCR. ARn is the value after normalizing the background
(subtracting out the noise by baselining).
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Figure 36: Observed occurrence of homozygous HBB mutations among 154 transfusion dependent beta

thalassemia patients.
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Figure 37: Observed occurrence of compound heterozygous HBB mutations found in seven samples
among 154 transfusion dependent beta thalassemia patients.
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Figure 38: Observed occurrence of 20 single heterozygous HBB variants among 154 transfusion
dependent patients.
The disease of these individuals is not fully explained.

3.3 Identification of beta globin gene variants in transfusion dependent thalassemia

patients using targeted next generation sequencing by lon Torrent PGM System

After TagMan genotyping, 100 samples have been exempted from further screening of HBB gene by
Next Generation Sequencing because they were either homozygous or had compound heterozygous
mutants for the SNV assays used in genotyping experiment which were considered sufficient to explain
their diagnosis. We have sequenced the HBB gene cluster of the 54 remaining samples using lon
Torrent PGM to identify the novel or unassigned mutations that complement beta thalassemia

diagnosis.

PGM sequencing was performed on 54 samples where no mutation or a single heterozygous mutation
had been detected by TagMan genotyping for the six common variants from this population. Five
additional positive control samples were added to the scan giving a total of 59 samples as a validation
for the TagMan genotyping results. Two of the controls were homozygous variants and three were

heterozygotes.
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Data from all 59 patients were analyzed. All expected incidences were recovered of the six variants
previously detected by TagMan. These included the 20 heterozygous variants and the variants
expected from the controls. In addition, we detected 13 single incidences of other variants, all of which
have been recorded previously. These HBB variants included: c.-138C>A, c.-137C>A, c.2T>C,
c.17_18delCT, c.47G>A, c.51delC, c.79G>A, c.92+6T>C, ¢.93-1G>C, c.135delC, c.315+1G>A, c.316-
14T>G, and ¢.316-3C>A (Table 13), (Figure 39). These variants involve single nucleotide changes (point
mutations) that include missense, nonsense, upstream (5’ end), base deletion, intronic mutations
(which interfere with gene expression and likely lead to a change in the translated protein), and
frameshift which may produce a premature termination codon, consequently altering function of

resulting proteins. No discrepancies with the Tagman data were discovered during lon Torrent

sequencing.

Table 13: Identified mutations in 54 samples using Next Generation Sequencing by lon Torrent.

Mutations are mapped to HBB transcript RefSeq NM_000518.4.

Genomic Location .
Location on Molecular Reference
HGVS name (Hg19/GRCh37
gene consequence cluster ID (rs#)
chromosome 11)
c.-138C>A 5248389 Upstream - rs33944208
c.-137C>A 5248388 Upstream - rs33941377
¢.21>C 5248250 Exon 1 Missense rs33941849
p.MetlThr
¢.17_18delCT 5248233 Exon 1 Frameshift rs34889882
p.Pro6Argfs
c.47G>A 5248205 Exon 1 Nonsense rs63750783
p.Trpl6Ter
¢.51delC 5248200 Exon 1 Frameshift rs35662066
p.Lys18fs
c.79G>A Missense
0.Glu27Lys 5248173 Exon 1 (HbE) rs33950507
C.92+6T>C 5248154 Splice site 5’ Splice donor rs35724775
variant
€.93-1G>C 5248030 Splice site 3 | Plice acceptor rs33943001
variant
c.135delC .
o.PhedsLeufs 5247986 Exon 2 Frameshift rs80356820
C.315+1G>A 5247806 splice site 5° Splice donor rs33945777
variant
c.316-14T>G 5246970 Splice site 3y | SPlceacceptor | aoo03285
variant
c.316-3C>A 5246959 Splice site 3’ Sp"c\;fi;cniptor rs33913413
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Beta globin gene NM_000518.4

5,248,400 5,248,200 5,248,000 5,247,800 5,247,600 5,247,400 5,247,200 5,247,000 5,246,800 5,246,600
St CACCC BE
Upstream 5° m Intronl m Intron2 M3'
c.316-3C>A
€.315+1G>A c.316-14T>G

c.135delC
€.93-16>C
€.92+6T>C
c.79G>A
c.51delC
c.47G>A
c.17_18delCT
c.2T>C
c.-137C>A
c.-138C>A

Figure 39: Location of mutations in HBB gene NP_000509.1. NM_000518.4 identified by lon
Torrent NGS.

lon Torrent PGM has verified all of the mutations in the positive control samples that had been
genotyped previously by TagMan. NGS analysis provided biallelic HBB disease genotypes for 51 of the
54 patients. The disease occurrence was not fully explained in two individuals (1I-14 and 1I-17), both of
whom carried only the heterozygous variant c.27dupG, which had been found previously with TagMan.
Individuals who are heterozygotes (carriers) of beta thalassemia alleles are usually asymptomatic or
have only mild clinical symptoms. So, the detected HBB genotype of these two patients does not fully

explain their transfusion-dependency. These two cases will be discussed in chapter 4.

Additionally, the disease severity was unexplained as well in one other patient (sample # 14-0183),
who had no detected mutations within the region of HBB covered by NGS which will be discussed in

chapter 6.

3.4 Confirmation of discovered B-thalassemia variants using Sanger sequencing

Sanger sequencing was performed as a confirmation of the identified variants (Figure 40)(Figure 41).
Samples were selected when HBB mutations had not been demonstrated or when only one
heterozygous mutation had been identified. Random compound heterozygous alleles were also tested
to confirm them. All variants were confirmed successfully, eliminating any false negative results from

the lon Torrent sequencing data or TagMan Assay genotyping.
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Figure 40: A chromatogram showing a beta thalassemia case with homozygous c.315+1 G>A variant.
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Figure 41: A chromatogram showing beta thalassemia case with compound heterozygous variations.

€.93-21G>A on the left, and c.20 A>T on the right.

3.5 Discussion

3.5.1 Identification of genotype variations in transfusion-dependent beta-thalassemia patients

In this study, we aim to find the causative HBB mutations in 154 patients within Saudi population in
Jeddah with the utilization of the most recent and advanced molecular techniques, in an attempt to
develop a feasible approach that is able to facilitate and expedite the process of detecting and

screening for these variations in a timely manner.
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In Saudi Arabia, the first sickle cell case was reported in the 1960s (Jastaniah, 2011). Nowadays, a wide
range of abnormal hemoglobin variants has been identified. An extensive screening program was
conducted by many research groups and organizations all over Saudi regions to help identify the most

common different variants present amongst Saudi population (El-Hazmi et al., 2011).

Various molecular techniques have been and are still widely used for the detection of beta thalassemia
variants, including amplification refractory mutation system (ARMS) (Mirasena et al., 2008) (Varawalla
etal,, 1991) (Suwannakhon et al., 2019). ARMS was first described by Newton and colleagues (Newton
et al., 1989). This method can detect single-base substitutions and minor deletions or insertions. It
uses sequence-specific PCR primers that would allow generation of PCR product only if the sample
contained the target allele. Although ARMS can reliably detect variants with high accuracy, it is
technically-demanding and time-consuming when detecting several variants simultaneously because
of the many assays that need to be prepared, a second set of ARMS-PCR for heterozygous/homozygous

state discrimination, and the need for gel electrophoresis (Vo et al., 2018).

Another common method used in beta thalassemia detection of variations is reverse dot-blot
hybridization (RDBH) (Zhou et al., 2019) (Maggio et al., 1993). In this technique, the target DNA
sequence is amplified and labeled, then the resulting labelled amplicon is hybridized to a membrane
with immobilized oligonucleotide probes (Kawasaki et al., 1993). RDBH is also technically demanding,
requires intensively trained staff, and is time-consuming (Teh et al., 2015). Additionally, qPCR using
high resolution melting analysis (HRMA) has been used as well (Hidayati et al., 2020), which analyzes
the melt curves of PCR-amplified DNA products quantitatively. This method may lead to ambiguous

results if the inspected mutations have similar melting temperatures.

Furthermore, denaturing high performance liquid chromatography (DHPLC) has been used in detecting

beta thalassemia variations (Sahli et al., 2016), but it has narrow spectrum for mutation detection.

In the present study, | have used real-time PCR using TagMan genotyping assays which is simple to
setup and optimize. Generally, it involves designing and synthesizing specific probes and primers for
the target genetic variation of interest (SNP), followed by PCR amplification and detection using
fluorescence-based technologies in one step with the exclusion of gel-electrophoresis after sample
processing. | have extracted good quality DNA from 154 transfusion dependent thalassemia and SCD
patients. Then, | genotyped them using custom-made TagMan fluorescent based real-time gPCR using
thalassemia HBB variants found to be frequent in Saudi Arabia that included c.20A>T, c.27dupG
€.92+1G>A, ¢.92+5G>C, ¢.93-21G>A, and ¢.118C>T (Abuzenadah et al., 2011) (Figure 42).
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This technique is reliable and gives high throughput in a single run with maximum speed. With a simple
workflow and decreased hands-on time, TagMan provides real-time monitoring of the DNA target with
high specificity and sensitivity. This technique has been used for the rapid diagnostic confirmation of
beta thalassemia and SCD mutations in many laboratories worldwide using low DNA concentrations

(Kho et al., 2013) (Breveglieri et al., 2017).
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Figure 42: Workflow and molecular techniques used in the investigation of our cohort.

The diagram summarizes the steps and techniques used to nullify all previously known variants for the
target of detecting pathogenic novel variants, reported variants, or known variants with unassigned
influence on HBB gene.

TagMan analysis using commonly known variants produced definitive results (which in this study were
audited by Sanger sequencing) that allowed two thirds of the patients’ samples (100 out of 154) to be
excluded from further analysis. Following that, samples were only used in targeted NGS of the beta
globin cluster region when TagMan assay genotyping results were negative for the mutation or only
found in heterozygous state (Figure 42). For NGS, customized targeted sequencing of the HBB gene
was performed with lon Torrent (PGM system) from Life Technologies. This technique uses a
semiconductor chip that enables massively parallel sequencing of several samples simultaneously. It
efficiently detects known common, rare, and novel variants with deep coverage and high specificity

and sensitivity in the targeted DNA segments, which has proven to be successful and time saving. In
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Oman, they have reliably identified HBB mutations using a cohort of 297 samples utilizing lon Torrent

technology that sequenced HBB gene in 100 samples in a single run (Hassan et al., 2014).

Table 14: 2d plot of all sample results.
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c.92+6T>C‘ 1 2

93-21G>A ‘ 1 13

c.93—lG>C‘ 1

c.118C>T ‘ 2 11

c.135delC ‘ 2 1
€.315+1G>A ‘ 1 1 15
.316-14T>G ‘ 2 3
c.316—3C>A‘

This study has successfully showed through NGS of 54 samples (no SCD variant amongst them) from
transfusion dependent patients with beta thalassemia major, the presence of an additional 13
common and rare pathogenic beta HBB variants that included c.-138C>A, c.-137C>A, ¢.2T>C,
c.17_18delCT, c.47G>A, c.51delC, c.79G>A, c.92+6T>C, ¢.93-1G>C, c.135delC, c.315+1G>A, c.316-
14T>G, and ¢.316-3C>A (Table 14). These variants involve single nucleotide changes (point mutations),
base deletion, missense, or nonsense mutations that interfere with gene expression and lead to a
change in the translated protein or a frameshift or produce a premature termination codon,

consequently altering the function of the resulting protein. All have previously been reported.
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3.5.2 Genotype variation and phenotype correlation in transfusion-dependent patients

Accurate prediction of genotype-phenotype associations is a fundamental focus in medical genetics.
Effective diagnosis of thalassemia patients is still challenging because of the complex genotype-
phenotype correlation, its multiallelic origin, and the involvement of other genes and factors that
influence the symptoms of thalassemia. On occasion, it might be difficult to make a correct diagnosis
of hereditary anemia due to the fact that the clinical symptoms may overlap in cases of distinct
etiologies, making it difficult to tell them apart using traditional diagnostic methods which may lead to
misdiagnosis especially if there is a high prevalence of a specific type over another in a specific
population as there is in this population (Kim et al., 2017) (Ma et al., 2018) (Hou et al., 2018) (Cil et al.,
2020). Since many hemoglobin-related variants have been reported in a wide range of different genes,

molecular identification of pathogenic variants is urgently needed for accurate diagnosis.

The HBB detected variants which included upstream 5’, exonic, and intronic variants that lead to beta
thalassemia major are well-studied and each sample has at least one variant (either in a homozygous
state or combined with another variant) that is previously reported to be severe variant leading to
severe molecular consequence and associated with beta thalassemia major. | started the variants
investigation by starting with the variants c.-138C>A, and c.-137C>A, which are located on the proximal
control element region upstream the 5" UTR of the HBB gene (Figure 43). The region consists of
conserved sequences of beta globin core promoter region and many cis-acting regulatory sequences
that include the TATA, CCAAT, and proximal and distal CACCC boxes which are required for the
assembly and the initiation of the transcription factor complex (Martyn et al., 2017). The upstream
variants found in this study are located within the CACCC box at positions -137 and -138 (Mondesert
et al., 2022). These variants can disrupt the binding of the Kriippel-like Factor 1 (KLF1) trans-acting
transcription factor to the CACCC motif, which leads to disrupted activation of the beta globin gene

(Rund et al., 1991) (Efremov et al., 1991) (Martyn et al., 2017).

CACCC il CACCC [k CAAT TATA
Upstream 5' Intronl Intron2 .

c.-137C>A
c.-138C>A

Figure 43: Beta thalassemia variants located upstream of 5" UTR region of HBB gene.

Variants are located within CACCC box motif of the promoter region found in patient’s DNA in this
study. The exons shown are those of the RefSeq beta globin transcript NM_000518.4.
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| have identified several variants that are located on the coding region of the HBB gene (exons) that
include c.2T>C, c.17_18delCT, c.20A>T, c.27dupG, c.47G>A, c.51delC, ¢.79G>A, ¢.118C>T, and
c.135delC (Figure 44).
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c.79G>A c.118C>T
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c.47G>A
c.27dupG
c.20A>T
€.17_18delCT
c.2T>C

Figure 44: Beta thalassemia variants located in the coding regions of HBB gene found in patient’s
DNA in this study.

The exons shown are those of the RefSeq beta globin transcript NM_000518.4.

The variant causing red blood cells to sickle, c.20A>T missense mutation located on exon one of the
HBB gene, is the most described variant in the literature. It causes a substitution of the nucleotides
A>T in codon 7 that leads to the change in the amino acid from hydrophilic glutamine to hydrophobic
valine. Individuals with this mutation have sickle cell disease where RBC sickle under deoxygenation
stress, block vessels, and have a reduced lifespan which leads to anemia as described extensively in

chapter one.

The variant ¢.2T>C is a missense variant located on exon 1 and causes a substitution in the initiation
codon AUG which encodes methionine, to ACG which encodes threonine. The next AUG is located at
codon 56. Southern blot analysis of this variation reveals that it abolishes the Nco | restriction enzyme
site and results in the presence of two bands, 8.3 kb and 5.2 kb (Lam et al., 1990) (Jankovic et al., 1990).
This variation manifests as PO0-thalassemia phenotype and results in severe microcytic and
hypochromic anemia and an in vitro B/a chain synthesis ratio that was close to 0.5 (Wildmann et al.,

1993).

A single nonsense variation has been found amongst our samples as well. It includes the variant
c.47G>A, which is located on exon 1 and causes an amino acid substitution from tryptophan to a
termination codon (stop codon). Premature termination codons (PTC), depending on their position,
can lead to activation of nonsense mediated decay pathway (NMD) that results in mRNA decay. The

result of mRNA degradation is a combination of translational inhibition and an elevated mRNA
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ribonuclease susceptibility which ultimately leads to the loss of protein expression (Kurosaki et al.,
2019) (Nickless et al., 2017). Failure of the NMD pathway to remove these mRNAs with PTCs can lead
to the production of aberrant proteins that, through dominant-negative or gain-of-function effects,
could be harmful to cells (Udy & Bradley, 2022). HbVar has associated this variant with beta

thalassemia major cases.

Several frameshift mutations that include ¢.17_18delCT, c.27dupG, and c.51delC on exon 1, in addition
to c.135delC on exon 2 were also found within our cohort. A frameshift occurs when the number of
bases in a gene DNA is altered by the addition or deletion of a base pair or more that is not a multiple
of three, which leads to a shift in the reading frame and misreading of all subsequent codons and
ultimately this usually causes termination at a premature stop codon in the new reding frame. This
mutation also results in the production of short protein that is unstable and the mRNA is targeted for
NMD. The variation c.27dupG is a well-described pathogenic variant (classified as betaO variant)
anticipated to result in premature protein termination in exon 1. The frame-shift occurs after codon
10 (serine), the shifted reading frame terminates after 11 more (out-of-frame) amino acids,

CRYCPVGQGERG]stop at codon 22].

The missense variant ¢.79G>A, also called hemoglobin E, is located on exon 1 (codon 26) and causes
the substitution of glutamic acid 27 with lysine which produces structurally defective hemoglobin and
by activating a cryptic splice site that leads to improper processing of mMRNA and reduced levels of the
correctly spliced mRNA. The generation of a new stop codon renders the abnormally spliced mRNA
inactive (Olivieri et al., 2011). Individuals with the HbE variant in a homozygous state have been
reported to have mild beta thalassemia symptoms (Aldakeel et al., 2020), but inheriting HbE in a
compound heterozygous state together with another B° thalassemia variant reduces beta chain
production and increases the disease severity remarkably (Fucharoen & Weatherall, 2012). In our
study, all thalassemic individuals with HbE have been found to coinherit B° thalassemia variant with it.
Ten samples had a compound heterozygous of HbE with ¢.92+5G>C, one sample had HbE with the
splice donor variation ¢.315+1G>A (destroying the conserved GU at the start of the intron), and one
sample had HbE with the frameshift variant c.51delC. All these individuals come from South Asia (3
from Pakistan and 6 from Bangladesh) and Southeast Asia (3 from Myanmar) where HbE variant is

highly prevalent.
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On the other hand, c.92+1G>A, ¢.92+5G>C, ¢.92+6T>C, c.93-21G>A, c.93-1G>C, c.315+1G>A, c.316-

14T>G, ¢.316-3C>A are all intronic variants (Figure 45).
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€.92+5G>C
c.92+1G>A

Figure 45: Beta thalassemia variants located in the intronic regions of the HBB gene.

The exons shown are those of the RefSeq beta globin transcript NM_000518.4.

The + sign indicates the variant location on the 5’ side of the intron, whereas the - sign indicates the
variant location on the 3’ side of the intron. Therefore, the splice donor variants c.92+1G>A,
€.92+5G>C, c.92+6T>C are located on intron 1 immediately after exon 1, while the splice acceptor
variant ¢.93-1G>C is located on intron 1 immediately before exon 2. The splice site variants
c.315+1G>A, ¢.316-14T>G, c.316-3C>A are on intron 2, where ¢.315+1G>A is after exon 2 and c.316-
14T>G, c.316-3C>A are before exon 3. Mutations that occur in the beginning or the end of introns
(donor and acceptor splicing sites) within the spliceosome recognition sequence can affect RNA
splicing process and leads to impaired removal of introns and ineffective joining of exons during mRNA
processing by exon skipping, intron inclusion, or cryptic splice site use (Lord & Baralle, 2021).
Furthermore, variations found in the internal region of the intron (deep intronic) may also affect pre-
MRNA processing and have pathogenic effect such as ¢.93-21G>A which is located on intron 1 before
exon 2. This variant has been reported to be associated with beta thalassemia major because the
nucleotide change from G to A at that position creates an identical sequence of the authentic splice
site and renders it into a functional splice site that can be recognized by the splicing enzyme complex
and the U-1 small nuclear RNA. Splicing of the intron at this position will produce an unstable mRNA
(Spritz et al., 1981). As for the variant ¢.316-14T>G, computational investigations (Alamut v.2.11)
suggest that this intronic variation may affect splicing by generating a unique cryptic acceptor splice

site since it occurs in a moderately conserved nucleotide (Varawalla et al., 1991).

Targeted sequencing of specific gene regions by lon Torrent PGM was a reasonable choice and
certainly justified at the time we started this project to identify variants within HBB gene. Nevertheless,
this technique, just like any other has its own limitations. The difficulty in differentiating homopolymer

repeats, which leads to inadequate coverage of this specific region, is one of this system’s limitations.
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Intergenic and intragenic regions of low specificity and pooling loss were excluded from our coverage
region which may harbor significant variants that would not be detected. Also, some clinically

significant variations may go undetected in regions that include very high/low G-C content.

In a total of three out of the 54 samples, targeted NGS analysis failed to explain the disease and results
showed inconsistency with the severity of their anemia. Sample # 14-0183 had no obvious or apparent
mutation in the covered regions and two were only heterozygous for a pathogenic variant (1-14 and
[I-17 are both heterozygous for the same variant HBB: c.27dupG). Carriers of heterozygous beta-
thalassemia (excluding dominant beta thalassemia), regardless of whether it is beta® or beta®, is
asymptomatic to mildly symptomatic and would not be expected to require transfusion from a clinical
standpoint. Since samples were collected from transfusion-dependent patients with severe clinical
complications, finding beta-thalassemia variants in only a heterozygous state makes them interesting

and requires more investigation to uncover the genetic basis of their phenotype.

Several mechanisms have been identified that may explain why beta-thalassemia heterozygotes tend
to have more severe disease at both the clinical and hematological levels. One is inheriting a triple or
guadruple alpha globin gene arrangement in addition to inheriting heterozygous beta-thalassemia,
which causes the increase of alpha chains production, and consequently the increase in alpha/beta
chain imbalance that leads to the premature red blood cell destruction, because of the toxicity of free
alpha (refer to page 43), thereby elevating the severity of their phenotype. Also, the inherited variants
do not only cause the reduction in the beta globin synthesis but may also produce unstable beta globin
chains. Before binding to alpha chains to form functional hemoglobin, unstable beta chains bind heme
and precipitate in RBC precursors and lead to the production of inclusion bodies. Hyper-unstable beta
chains result from dominantly inherited beta-thalassemia, occurring on exon 3 of the HBB gene.
Mutations that cause premature codon termination which lie in exons 1 or 2 are responsible for most
of the recessively inherited beta thalassemia as they activate nonsense mediated mRNA decay process
which help in the prevention of abnormal beta globin mRNA accumulation in the cytoplasm of pre-
RBC. On the other hand, mutations in exon 3 are linked to a high level of aberrant mRNA in the
cytoplasm. This results in the production of truncated beta chains products, which are unstable and
cause red blood cell death by acting in a dominant-negative mode (Lin et al., 2022) (Efremov, 2007).
Diagnosing dominant beta-thalassemia is challenging because of the difficult detection of precipitated

unstable beta globin chains in peripheral blood (Rizzuto et al., 2021). Moreover, genetic variables
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located outside the beta globin gene cluster may also play a role in increasing the severity of beta

thalassemia phenotype such as variants that affect transcription factors GATA1 (X-linked gene).

Since HBB variant ¢.27dupG is located on exon 1, we can safely exclude the possibility of dominance
effect of this variant. The severity of the patients’ cases might be the result of a number of factors,
including the possibility that another HBB allele has not been found (e.g., due to insufficient
sequencing coverage) or was detected but not recognized as causative (e.g., due to complicated
structural rearrangements). Structural rearrangements will consist of variations having functional
effects that are not detected by conventional variant filtering methods and variants in genes that have
not yet been linked to the condition. Therefore, further candidate investigation(s) of variants mapping
outside the beta globin cluster is necessary to correlate the manifested phenotype of the affected

individuals with their genotype.

From this point, the first step forward was to investigate the family history of each remaining sample.
Upon investigation of the history of these samples, the sample with no HBB variants had no history of
beta thalassemia in her family, which raises the questions, might these samples be misdiagnosed?
Should we be looking for other diseases that might manifest with the same phenotype and symptoms?

Towards finding an answer to these questions, this sample will be discussed in detail in chapter 5.

Interestingly, on the other hand, the two samples with the same heterozygous HBB mutation, 11-17 and
[I-14, were found to be a brother and sister who had five more affected siblings and half-siblings (total
of 7). Since all previously mentioned assays have failed to explain the severity of the disease, we
adopted another approach to search for novel or rare variants not previously known to be associated
with thalassemia with regards to 1I-17 and 1l-14, on one hand, and to expand our search, depending on
the availability of samples, to include their family of both affected and non-affected members, on the

other hand which will be discussed in detail in chapter 6.

After years of exclusively relying on transfusions to treat anemia and inhibit ineffective erythropoiesis
in B-thalassemia, numerous novel therapeutic approaches are presently under development.
Numerous medication candidates are designed to stimulate hemoglobin F. The potential for
permanent transfusion independence exists through the utilization of autologous hematopoietic stem
cells that have been genetically modified. In order to induce HbF by silencing BCL11A, researchers are
currently examining gene editing techniques such as CRISPR-Cas9 and zinc-finger nucleases (Langer &

Esrick, 2021). Towards this end, in chapter 4, | have described my contribution in setting and starting
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up a fully equipped laboratory in efforts to establish a protocol for reprogramming somatic cells to
pluripotent stem cells. These stem cells can be used later on in an attempt to find a unified alternative
universal therapy to treat B-thalassemia syndromes for all patients regardless of the underlying HBB

gene mutation.
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CHAPTER FOUR
A THERAPEUTIC APPROACH FOR AUTOLOGOUS GENE THERAPY

OF SICKLE CELL AND BETA THALASSEMIA DISEASE
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4.1 Brief Introduction

Given the wide prevalence of hemoglobinopathies disorders, severity, and their need for long-life
health care, these disorders attracted significant consideration. Allogeneic hematopoietic stem cell
(HSC) transplantation is the only curative treatment available for patients with B-thalassemia or sickle
cell disease. When bone marrow is unable to produce enough healthy blood cells, an allogeneic
hematopoietic stem cell transplant can be used to replace it with healthy blood stem cells from a
donor. A donor might be anyone from a close relative to a casual acquaintance to a complete stranger.
However, allogeneic transplantation is hampered and limited and carries many challenges, potential
hazards and risks including low rate availability of full-matched donors and possibility of immune
rejection (Hoban et al., 2016). The need for alternative treatment and development of an effective and
safe HSC autologous transplantation therapy is a revolutionary breakthrough. Autologous gene
therapy is utilizing a patient's own cells to make the necessary genetic adjustments before reinfusing
them into the patient. When these genetically manipulated stem cells differentiate into RBCs, they
restore healthy levels of globin chains in the blood, relieving anemia. Scientists in many laboratories
all over the world are working on moving toward this goal. With the substantial advances in the use of
gene editing tools, it is imperative to establish robust means that have a pronounced potential to
achieve clinical success, lower transfusion requirements, and lower the substantial cost of health care

and disease management.

Site-specific gene correction and repair of causative mutations using gene editing offers the ultimate
gene therapy solution. Gene editing is a set of techniques that researchers have developed to alter the
genetic material of living organisms. These methods make it possible to insert, delete, or modify DNA
at specific sites in the human genome. There are a number of different genome editing methods now
in use. Gene correction in human HSCs has been reported and many labs have corrected the mutated
HBB gene in induced pluripotent stem cells (iPSCs) isolated from sickle cell patients from a variety of
cell types (Xie et al., 2014) (Sun & Zhao, 2014) (Song et al., 2015) (Niu et al., 2016) (Ali et al., 2021).
Moreover, although sickle cell is defined by single base substitution mutation present in all SCD
patients, B-thalassemia on the other hand is caused by hundreds of mutations with many different
types such as SNVs, small deletions or frameshifts. Using site-specific gene correction, every single one
of these mutations will have to be corrected individually (Finotti et al., 2015). This indicates the
necessity for a unified alternative universal therapy to treat B-thalassemia syndromes for all patients

regardless of the underlying HBB gene mutation.
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Sickle cell and B-thalassemia patients have an improved life expectancy when they have high levels of
fetal hemoglobin (as previously described chapter one). In the early 90s, Platt et al. studied the natural
history of over 3000 patients with SCD and B-thalassemia and their pain episodes and mortality rate.
They have concluded that even a little elevation in the level of fetal hemoglobin can decline the
number of pain episodes and improve survival rate (Platt et al., 1991) (Platt et al., 1994). Furthermore,
it has been observed that an increase of HbF level in sickle cell patients decreases intravascular sickling
and reduces inflammation and disease severity (Fabry et al., 2001) (Thein et al., 2009) (Kaul et al.,
2013). HPFH is a benign genetic condition in which production and expression of HbF hemoglobin
maintain after birth and throughout life due to mutations that reduce switching of fetal y-globin to
adult B-globin (Forget, 1998). In this project, we will take advantage of these HbF features and try to
mimic the naturally occurring HPFH-associated mutations to alleviate B-haemoglobinopathies as a

therapeutic approach.

Two main goals have to be achieved for gene therapy to work properly (i) constant gene expression of
manipulated long-term HSCs (ii) the safe and efficient transfer of the manipulated gene to the patient

(Hoban et al., 2016).

4.1.1 CRISPR/Cas9

We have chosen to use calss Il clustered regularly interspaced palindromic repeats-associated protein
9 (CRISPR-Cas9) targeted nuclease model system in this PhD project. CRISPR/Cas is an adaptive
immune system of prokaryotes against phages and foreign plasmids attack (Koonin & Makarova,
2009). There are three main steps in this immune process: (i) acquirement of spacer sequences (ii)
CRISPR transcription (iii) interference (Hu, 2016). When a foreign phage invade a bacterial cell, the
bacterium copies a fragment of the virus DNA (called spacer) and stores it within the short DNA repeats
of the CRISPR locus of the bacterium genome, which enables it to defend itself against subsequent
attack of the corresponding intruder by recognizing and cutting the virus DNA with the utilization of

small RNAs and Cas9 endonuclease complex (Figure 46) (Hu, 2016) (Marraffini, 2015).
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Figure 46: CRISPRs are viral defense mechanisms in the bacterial genome.

Black diamonds within CRISPR region represent short DNA repeats, whereas colorful boxes represent
spacers. When a new virus infects a bacterium, it contributes a new spacer to the mix of spacers already
there. CRISPR RNA molecules are synthesized by processing the CRISPR sequence during transcription.
The CRISPR RNA binds to the bacterial machinery and directs it to the viral target sequence that
matches. The molecular machinery Kkills the foreign organism by breaking apart its genome. Source:
http://sitn.hms.harvard.edu/flash/2014/crispr-a-game-changing-genetic-engineering-technique/
Adapted with permission (Barrangou & Marraffini, 2014).

Scientists have figured out how to use CRISPR in the lab to produce exact alterations in the genes of
organisms, and their use isn't limited to applications involving bacterial immune responses. Using
CRISPR technology, researchers may alter individual genes while leaving the rest of the genome
unaffected, shedding light on the causal relationship between a gene and its effect on the organism as
a whole. CRISPR class Il is the latest discovered tool for gene manipulation (at the time) as it was first
realized and described by Doudna and her colleagues in 2012 (Jinek et al., 2012). Hundreds of papers
have been published since then. Due to the simplicity, adaptability, ease of design and use, specificity
and efficiency of CRISPR-Cas9 system in targeting and manipulating DNA, it is considered to be the tool
of choice for precise genome editing for most researchers in all scientific departments (DiCarlo et al.,
2013) (Cong et al., 2013) (Hwang, 2013) (Jiang et al., 2013) (Liang et al., 2015) (Port et al., 2014). This
system has turned out to be a breakthrough discovery in molecular biology and biotechnology

industries.

To utilize the system to edit a gene, two main components are required: (i) single-guide RNA (sgRNA)

which is composed of crRNA and tracrRNA chimera. crRNA contains a user-defined 20 nucleotides
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targeting sequence fused with tracrRNA which acts as a scaffold that holds crRNA in place (ii) Cas
endonuclease. The nuclease Cas9 protein recognizes the target sequence (few bases upstream of a
protospacer adjacent motif PAM sequence) using guide RNA. The endonuclease will then act as scissors
and introduce a site-specific double-strand break to the target DNA sequence. Homologous end joining
(HEJ) or nonhomologous end joining (NHEJ) will subsequently ligate and repair the cleavage site (Figure

47) (Sander & Joung, 2014) (Munshi, 2016) (Tasan et al., 2016).
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Figure 47: A chimeric single-guide RNA (sgRNA) facilitates Cas9 binding to the target DNA.

The structure is made up of a protospacer and a protospacer adjacent motif (PAM) that together
recognize the target sequence. Both nonhomologous end joining (NHEJ) and homology-directed repair
(HDR) employing a synthetic donor DNA template can introduce desirable sequence modifications after
Cas9-induced double-strand break (DSBs). The gene is disrupted in NHEJ (error-prone) because the cell
randomly inserts and deletes nucleotides when it ligates the DNA double-strand break (gene silencing).
On the other hand, in HDR, the double-strand break is repaired by introducing a repair template into a
cell that incorporates a desired sequence change into DNA during the repair process. The new DNA is
modified to include the new sequence, resulting in a directed exact repair. Source: reproduced with
permission (Guitart et al., 2016) (Savi¢ & Schwank, 2016).
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4.1.2 Generation of Induced Pluripotent Stem Cells

Embryonic stem cells are pluripotent. The inner cell mass of a blastocyst is where human embryonic
stem cells (ESCs) originate. These cells may divide and replenish themselves indefinitely while also
retaining the ability to develop into any specialized cell type. By initiating the "forced" expression of
particular genes in differentiated mature adult somatic cells, researchers are able to return them to
an embryonic-like state, creating what are known as induced pluripotent stem (iPS) cells. They have
many properties with natural pluripotent stem cells like embryonic stem (ES) cells, including the ability
to self-renew and differentiate into a wide variety of cell types. In order to replace the disease-causing
gene with a healthy one, the cells must first be reprogrammed into iPSCs. The iPSCs that have been
changed genetically are isolated and then differentiated into the impacted cell type. After that, the
cells are reintroduced into the patient. Immunological resistance and graft failure is a typical
consequence following allogeneic transplantation; however, this method of autologous
transplantation may eliminate the need for such drastic measures. iPSCs may be created from the
patient's own cells, thus are genetically identical to the recipient and may not be rejected by the

immune system (Rattananon et al., 2021) (Zakaria et al., 2022) (Al Abbar et al., 2020).

Reprogramming factors, or a group of genes linked with pluripotency, are often introduced into an
adult cell type to generate induced pluripotent stem cells. Comparable to human embryonic stem cells,
these cells exhibit similar properties. octamer-binding transcription factor 3/4 (Oct3/4), sex
determining region Y-box 2 (Sox2), cellular-Myelocytomatosis (c-Myc) and Kriippel-like factor 4 (KIf4)
are the founding members of the original reprogramming factor (or Yamanaka factor) set. Unipotency
can be converted to pluripotency by ectopic expression of these four identified transcription factors

(Ghaedi & Niklason, 2019) (Al Abbar et al., 2020).

In 2009, Raya et al have shown that somatic cells isolated from individuals with Fanconi anemia may
be reprogrammed to pluripotency and used to create iPS cells once the underlying genetic abnormality
has been corrected. They demonstrated that these iPS cells may generate phenotypically normal
myeloid and erythroid progenitors that are disease-free (Raya et al., 2009). Another group led by Ye et
al used a patient with homozygous beta thalassemia (B0) to generate iPS cells from skin fibroblasts
and demonstrated that these iPS cells could be differentiated into hematopoietic cells that made

normal hemoglobin (Ye et al., 2009).
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4.2 Aim

1. Optimize protocols for the generation of iPSCs from whole blood collected from control samples
then beta-thalassemia patients.

2. Designing and screening guide RNAs for generation of deletional HPFH as a therapeutic approach
for sickle cell and thalassemia patients.

3. Electroporation of the CRISPR constructs into generated iPSCs and differentiation into
hematopoietic stem cells.

4. Comparison between the expression of HbF (fetal hemoglobin) from clone cells with deletion and

clone cells without deletion.

4.3 Methods

Equipment and consumables

Biosafety cabinet, centrifuge, mini-centrifuge, microscope, 37 °C-5 % CO2 incubator, 37 °C water bath,
6-well plates, pipettes, 5 mL and 10 mL sterile serological pipettes, aspirating pipette, 15 mL and 50
mL conical tube (Corning, 430791), 2 mL centrifuge tubes, hemocytometer, and Neon electroporation

system.

4.3.1 Reprogramming of whole blood derived cells to iPSCs using ReproRNA-OKSGM vector by
StemCell
4.3.1.1 Preparation of reagents

A. Culturing fibroblast from whole blood medium

| have prepared the medium required for fibroblast culturing by adding Advanced DMEM (Dulbecco's
Modified Eagle Medium) with 4500 mg/L D-Glucose + 10% FBS + 1% MEM Non-essential AA (100X)
(nutrients for growth and viability stimulation) + 1% Penicillin/streptomycin (to control bacterial
contamination) + 1% sodium pyruvate (source of energy and antioxidant) + 1% 200 mM L-glutamine

(supports fast-replicating and high energy demanding cells- protein and nucleic acid synthesis).

After preparation, the medium was stored at 2-8°C (up to two weeks) and warmed to room

temperature before each use.
B. Culture medium for erythroid progenitors’ expansion

| used StemSpan™ Serum-Free Expansion Media SFEM |l (Catalog #09605/09655) and StemSpan™

Erythroid Expansion Supplement (Catalog #02692) from StemCell Technologies.
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Cultures from human PB can be used to selectively promote the expansion of erythroid progenitor
cells when supplemented with the Erythroid Expansion Supplement, which contains an optimized
combination of recombinant human cytokines (SCF, IL-3, and EPO). After 7-14 days in culture,
populations of erythroblasts that are transferrin receptor (CD71) and Glycophorin A (CD235, GlyA)

positive will remain.

The media was prepared by adding 10 mL of StemSpan SFEM Il medium + 100 pl of Erythroid Expansion
supplement (for 1 well of 6-well plate for 7 days expansion + Day 0 of transfection). For the 7-day

expansion medium, 10% PS was added. The media was stored at 4 °C for one month.

After 14 days in culture, more than 80% of the cells produced with this procedure are CD71*GlyA*
erythroblasts. Pro-erythroblasts that are CD71*GlyA” and normoblasts that are CD717'°GlyA* may also

be present.
C. Growth medium

Preparation for 1 well of 6-well plate: | have prepared the growth medium by adding 10.38 mL
Advanced DMEM + 1.16 mL Fetal Bovine Serum FBS (embryonic growth promoting factors) + 116.66
ul 200 mM L-Glutamine + 4 pl 0.5mg/mL B18.

After preparation, the medium was stored at 2-8°C (for 1 week) and warmed to room temperature

before each use.
D. Growth medium with puromycin

When working with cell cultures, puromycin is an antibiotic that is used as a selective agent, which will

kill all cells lacking resistance genes while leaving behind just its intended targets.

Puromycin was prepared by adding 1 mL of DMSO to | mg of puromycin. After that, the preparation of
the growth medium with puromycin was done fresh daily by adding 1.2 ul of puromycin to 1.5 mL of

growth medium for 1 well of 6-well plate.
E. ReproRNA™-OKSGM (catalog # 05930) cocktail

In addition to the puromycin-resistance gene, the single-stranded RNA replicon vector ReproRNA™-
OKSGM contains the reprogramming factors OCT4, KLF-4, SOX2, GLIS1, and c-MYC. This RNA vector

efficiently converts fibroblasts and other somatic cells into pluripotent stem cells.

While using RNase-DNase free tips and tubes, | have prepared the cocktail for 1 well of 6-well plate by

adding the following reagents in order: 1 pl ReproRNA + 100 pl Opti-MEM 1 + 2 pl ReproRNA
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transfection supplement + 2 ul ReproRNA transfection reagent. The cocktail was prepared immediately

before transfection and incubated at room temperature for exactly 5 minutes before adding to cells.
F. Complete ReproTeSR medium (without B18)

Reprogramming medium for human iPS cell induction (Catalog #05926) from StemCell Technologies
was used.

Complete ReproTeSR medium was prepared by adding 2.5 mL of 20X ReproTeSR supplement and 0.1
mL of 500X ReproTeSR supplement to 47.4 mL of basal medium and stored at 2-8°C for up to two
weeks.

G. Complete ReproTeSR medium with recombinant B18R protein

During the first two weeks following transfection, recombinant B18R protein is added for interferon

response inhibition and increasing cell survival.
Preparation was done by adding 4 pl of 0.5 mg/ mL B18R to 11.6 mL of complete ReproTeSR medium.

After preparation, the medium was stored at 2-8°C (for 1 week) and warmed to room temperature

before each use.
H. 6-well Plate coating

| coated the wells of the 6-well culture plate with vitronectin one hour prior to culture by diluting 40
ul of vitronectin with 1 mL of Cell Adhere dilution buffer for each well. The plate was then left for one
hour at room temperature then the vitronectin was aspirated and the wells were washed using 1 mL
of Cell Adhere solution. After washing, 1 mL of prepared warmed culture media was added to each
well (so it won’t dry off), and the plate was kept in the incubator (37 °C— 5 % CO2) until used (adding

cells).

4.3.1.2 Procedures

A. Isolation of mononuclear cells (MNC) from peripheral blood

Blood samples were collected in sodium heparin tubes by the amount of 15-20 mL (adult donor would
yield 0.8-3.6x10° MNC/ mL of whole blood, and | need at least 2x10° MNC/ mL for nucleofection). |
diluted the blood sample with equal amount of PBS at 1:1 ratio (diluent: PBS was prepared by adding
5 mLPBS + 5 mL DMEM medium + 10% FBS). After warming Histopaque reagent to room temperature,
| added 15 mL of histopaque in a Falcon tube and added the diluted sample dropwise on the side of

the tube at 2:1 ratio (blood:histopaque) carefully creating two distinct layers. The tube then was
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centrifuged at 400 x g for 30 min at room temperature with the breaks off (DEC set at 0). The tube will
have three layers, | pipetted out the first layer which is the plasma layer, then collected the second
layer which is a thin white layer (buffy coat of WBCs and platelets) and transferred to a new tube. The
third layer of RBCs was discarded. The collected WBCs were then washed twice using PBS by filling the
tube and spinning at 200 x g for 10 min at RT. In the last wash, the supernatant was discarded, and the

pellet was resuspended using 1 mL of PBS. Cells were counted using hemocytometer.
B. Cell counting using a hemocytometer

From the cell suspension, 10 pl was transferred to 2 mL Eppendorf tube and mixed by pipetting with
10 pl of trypan blue (stain). The glass hemocytometer slide is cleaned with alcohol before each use.
The cover slip is moistened and affixed to the hemocytometer. To count the cells, 10 ul of trypan blue
treated cells is collected to applied to the hemocytometer filling the chamber underneath the
coverslip. To count live cells (white unstained), | need to count all 4 corners (each corner has 16 sub
squares) one by one using a microscope (with 10X objective) and a hand tally counter. To calculate the
average cells, | summed up the number of live cells in all four corners and divided it by 4. To calculate

the number of viable cells/mL, | used the formula= average live cells x 10* x 2 (dilution factor).

C. Culturing fibrocytes from whole blood

The 6-well plate was coated with vitronectin as described above. After buffy coat extraction from
peripheral blood sample and after cells were counted, | used 1 x 10° cells/ well. The cells pellet was
resuspended in culturing fibroblast medium. After that, | added 1 mL of resuspended cells to the
coated plate (which already contains 1 mL/ well of medium) which brings the total to 2 mL /well. The
cells were mixed in each well by shaking the plate gently in N-S-E-W motion then incubated at 37 °C—
5 % CO2 incubator. On day 2, the media (non-adherent cells) was aspirated and discarded, and 2 mL
of fresh media was added to the cells as fibrocytes are very adherent. The media was changed every
other day (day 5, 7, 9, 12) for 8-14 days. The cells were checked by microscope for morphology
(elongated and spindle shaped), viability, and attachment. To detach the fibrocytes from the plastic
surface, they were incubated for 1.5 min at 37 °C with Trypsin-EDTA 0.05%, then trypsin was aspirated
off and media with 10% FBS was added to cells (trypsin deactivation). After that, cells were scraped

gently and harvested then washed with PBS. A microscope was used to confirm cells detachment.
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D. Erythroid progenitors’ expansion

After sample has been collected and PBMNCs have been isolated, the cells were counted using a
hemocytometer and the cells pellet was resuspended to a density of 8 x 102 cells/2 mL in erythroid
expansion medium and transferred to 6-well plate (Day0). Cells were incubated overnight at 37 °C-5
% CO2. On Dayl, the 2 mL of non-adherent cell suspension was transferred to a new well. On Days2,
4, 6, and 8, the cell suspension was collected, centrifuged at 300 x g for 5 minutes, and the pellet was
resuspended in 2 mL/ well of fresh erythroid expansion medium and incubated at 37 °C-5 % CO2. On

Day9, the cells were collected from the well and washed twice using PBS and ready for transfection.
E. Flow cytometry for the confirmation of erythroid progenitors’ expansion

| have performed flow cytometry twice on each sample, both before and after culturing for expansion

of erythroid progenitors.

For staining cells and preparing for flow cytometry, cells were collected, washed twice with PBS, and
counted (5 x 10* for unstained and 1-3 x 10° for mixed colors). The appropriate number of cells were
transferred into FACS tubes and FACS buffer (PBS + 2% FBS + 0.5% EDTA) was added to reach a total of
1 mL. After that, cells were centrifuged at 300 xg for 5 min. The supernatant was decanted by inverting
the tube quickly in one motion without shaking. Then, FACS buffer was added to the pellet by the
amount of 100 pl and vortexed. Conjugated antibodies were added to each labelled tube (3-5 ul),
vortexed, and incubated in the dark for 30 minutes at room temperature. After incubation, the sample
was washed twice by using 1 mL of FACS buffer and centrifuged at 300 xg for 5 minutes, and the
supernatant was decanted by tube inversion. The stained pellet was resuspended in 100 pl FACS
buffer. The tubes were covered with foil and kept on ice and ready for flow cytometry. The flow

cytometry machine was operated by the lab technician.
F. GFP Neon electroporation

Whole blood was collected in sodium-heparin tubes and MNCs were extracted using Histopaque. Cells’
pellet was resuspended in 1 mL of media (DMEM + 10% FBS with no PS), then cultured in 10 mL of
media in T25 flask and incubated at 37 °C-5 % CO2 overnight. The next day, the cultured cells were
washed twice using PBS and centrifugation at 1000 rpm for 10 minutes. Cells were counted using a
hemocytometer. Depending on the cell count, the 24-well plate was selected for transfection to have

70-80% confluency.
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For setting up the Neon electroporation device, depending on my cell type, the input was set at:

Pulse Pulse width | Pulse number | Neon tip type
(voltage) (ms)
2,150 20 1 10 pl
Cell type DNA (ug) Volume Cell number
Format plating
medium
Suspension/ 0.5-3 (should not 500 pl 1-2.5x10°
24-well plate human exceed 10% of total
transfection volume)

Resuspension Buffer T (for primary blood-derived suspension cells) was used with the amount of 10 pl
to resuspend the washed cultured cells pellet. GFP protein (our DNA) was added to the resuspended
cells with the amount of 2 ul of 0.7 pg. Following that, electroporation was performed according to
the manufacturer's manual. After transfection, the sample was immediately transferred into the
prepared 24-well plate containing pre-warmed culture media (with no antibiotics) and the plate was
gently rocked to assure even cells’ distribution then incubated at 37 °C—=5 % CO2 overnight. The next

day, fluorescence microscopy was used to determine the transfection efficiency.
G. CRISPR of erythroid progenitors expanded cells

The Blood sample was collected in sodium-heparin tube, MNCs were isolated using Histopaque, and
the cells were cultured for 8 days for expansion of erythroid progenitors. On Day8 of expansion, cells
were collected, washed twice with PBS, counted using hemocytometer, and prepared for transfection

with ArciTect™ HPRT CRISPR (positive control) (catalog # 76013 ) using Neon electroporation.

For the preparation of HPRT 2 nmol crRNA (catalog # 76010 ) and 5 nmol tracrRNA (catalog # 76016),
nuclease-free water was added to give a final concentration of 200 uM with the amount of 10 pl to
crRNA and 100 pl to tracrRNA. As for the preparation of 80 uM gRNA, 4 ul of 200 uM of crRNA was
combined with 4 ul of 200 uM of tracrRNA and 2 pl of ArciTect™ annealing buffer (5X) (catalog #
76020) bringing the total to 10 pl. The gRNA mixture was incubated after that at 95°C for 5 minutes

followed by 60°C for 1 minute, then cooled to room temperature and placed on ice.
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In the preparation of cells for transfection, after cell counting, 1 x 10° of cells in 500 pl was transferred
to a new microcentrifuge tube and centrifuged at 300 x g for 5 minutes. During centrifugation, 6-well
culture plate (not coated) was prepared by adding 2 mL of erythroid expansion medium combined with
200 pl cloneR for each well and incubate it at 37°C until used for culturing after electroporation. Also,
ArciTect™ CRISPR-Cas9 RNP complex mix was prepared for electroporation by combining 0.56 pl of 80
ng gRNA + 1.2 pl of ArciTect™ Cas9 Nuclease (catalog# 76002) (3 pg/ pl) + 3.24 pl of resuspension
buffer T (used for cells extracted from blood) which brings the total to 5 ul (1:2-1:4 molar ratio of Cas9
to gRNA is recommended). The RNA complex mix was incubated at room temperature for 20 minutes.
The recommended electroporation conditions for knockout of peripheral blood cells using Neon device
is to add 2.5 ul of resuspension buffet T to the 5 pl of the RNP complex mix for a volume total of 7.5 pl

per transfection (complete RNP complex).

After centrifugation of 1 x 108 cells, supernatant was aspirated off and the pellet was resuspended in
7.5 ul of resuspension buffer T and mixed by pipetting. Then, the resuspended cell suspension was
transferred to 7.5 pl complete RNP complex bringing the total to 15 pl. Using the 10 ul Neon pipette
tip, 10 ul of the cell mixture was drawn (free of bubbles) and placed into the electroporation chamber
which contained 3 mL of electrolytic buffer E. The cells were electroporated with electrical potential
set at 2150V, pulse width of 20 ms, and number of pulses of 1. Immediately after electroporation, the
cells were transferred to the warmed prepared 6-well culture plate. The cells were mixed by gently
rocking the plate back and forth, then incubated at 37 °C-5 % CO2 for 48-72 hours (or up to 7 days
depending on confluency) for genome editing to occur. Cells were harvested for assessment of genome

editing efficiency by PCR and stored at -80°C for downstream DNA extraction.
H. Reprogramming fibroblasts to iPSCs using ReproRNA™-OKSGM vector by StemCell

At DayO of transfection, a vitronectin coated plate was prepared and 1.5 mL of growth medium (+
B18R) was added per well and incubated at 37 °C-5 % CO2 for at least 20 minutes. During media
warming period, cultured fibrocytes were collected by centrifugation at 1500 rpm for 10 minutes and
washed twice using PBS by spinning at 1500 rpm for 5 minutes and counted by hemocytometer (0.4-1
x 108/ well of 6-well plate is needed for transfection). The cell pellet was then resuspended with 10 pl
of resuspension buffer T, then 10 pl of ReproRNA™ was added to the sample mix. The sample was
transfected with Neon with the same PBMNCs settings (Voltage 2150 v, Pulse= 20 ms, pulse#t= 1), then

the sample was immediately dispensed in the warm culture prepared plate. On Dayl-5 after
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transfection, growth medium (+B18R) with puromycin was prepared fresh on daily basis and media
change was performed. The cells were checked under the microscope to see if they were attached or
in suspension. If in suspension, cells were collected by media aspiration and centrifugation at 1500
rpm for 5-10 minutes and then pellet was resuspended in growth medium (+B18R) with puromycin.
On the other hand, if the cells were already attached to the well, the medium was simply aspirated
and replaced with freshly prepared one. On Day 6 and 7, media change was performed but with growth
medium (+B18R) without puromycin. Day 8-14 after transfection, the medium was changed on daily
basis by aspirating the old medium and adding 1.5 mL of complete ReproTeSR + B18R. Day 15-19 after
transfection, medium was changed daily but with complete ReproTeSR without B18R. The media was
changed on a daily basis after that (to pick colonies if formed) (Figure 48). Cell morphology was

monitored using a microscope with each media change.
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Figure 48: Reprogramming fibroblasts to iPSCs with ReproRNA-OKSGM timeline.

I. Reprogramming expanded erythroid progenitors to iPSCs using ReproRNA-OKSGM vector by

StemCell

Vitronectin coated plate was prepared. After aspirating the vitronectin wash solution, in each well of
6-well coated plate, 2 mL of StemSpan SFEM Il medium + 0.66 ul was added and incubated at 37 °C-5
% CO2 for at least 20 minutes. On DayO of transfection, cells were collected after 9-days of culture in
the expansion medium and washed twice using PBS. Then, cells were counted and resuspended in 10
ul of T buffer with the amount of 1 x 10° cells/ well. 1 ul of ReproRNA was added to the sample mix.
After that, the cells were transfected by Neon electroporation on the same PB-MNCs settings (Voltage

2150 v, Pulse= 20 ms, pulse#t= 1), then the sample was immediately dispensed into the pre-warmed 2
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mL of expansion medium + B18R (with no antibiotics) and the cells were evenly distributed across the

well of the coated plate.

A cocktail of B18R and Puromycin (BP) was prepared by mixing 8 ul of B18R with 19 ul of Puromycin to
a total of 27 pl to be used for the next 6 days of culture. On Day1 (the following day), 2.26 ul of BP was
added to the transfected well. On Day2, 1 mL of the same expansion medium was added to the well
(without removing any medium from the well) + 3.4 pl of BP. On Day3, 1 mL of ReproTeSR medium
was added to the well (without removing any medium) + 4.53 pul of BP. On Day4, 4.53 ul of BP was
added. On Day5, 1 mL of of ReproTeSR medium was added to the well (without removing any medium)
+ 5.66 pl of BP. On Day6, 5.66 ul of BP was added to the well. After that, the medium was aspirated,
and 18 mL of ReproTeSR media with 6 pl of B18R was prepared for the next 9 days of culture (Day7-
15). Media was changed daily. After Day15, media was changed with ReproTeSR without B18R, and

the cells were monitored for colonies appearance (Figure 49).

Attached blood cells Pre-iPSC colonies iPSC colonies

+ Puromycin

+ B18R
| | | ] | ] b
1 | | | I | r
0 1 3 5 7 15 21-28
Transfect Daily medium Pick colonies
erythroid change and maintain
progenitors in TeSR media
with
ReproRNA

Figure 49: Reprogramming erythroid progenitors expanded cells to iPSCs with ReproRNA-OKSGM
timeline.

4.3.2 Reprogramming of fibroblasts derived from whole blood to iPSCs using Epi5TM Episomal iPSC
reprogramming kit from Invitrogen by Life Technologies
4.3.2.1 Preparation of reagents

A. Supplemented fibroblast medium

The following components were added to the fibroblast medium (DMEM + MEM non-essential AA +
FBS), Basic Fibroblast Growth Factor (bFGF) to the final concentration of 4 ng/ mL + HA-100 (ROCK

inhibitor) to the final concentration of 10 uM.
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B. N2B27 medium

For 250 mL of N2B27 medium, 238.75 mL of DMEM + 2.5 mL N-2 supplement (100X) + 5 mL of B-27
supplement (50X) + 2.5 mL MEM non-essential AA (10mM) + 1.25 mL GlutaMAX-I (100X) + 454.5 pl

beta-mercaptoethanol (1000X) were mixed and stored at 2-8°C for up to one week.
C. N2B27 medium supplemented with CHALP molecules and bFGF

The following components were added to N2B27 medium freshly before each use:

Component Final concentration
PD0325901 (MEK inhibitor) 0.5 uM
CHIR99021 (GSK3beta inhibitor) 3uM
hLIF (Human Leukemia Inhibitory Factor) 10 ng/ mL
A-83-01 (TGF-beta/ Activin/ Nodal receptor inhibitor) 0.5 uM
HA-100 (ROCK inhibitor) 10 uM
bFGF 100 ng/ mL

D. Complete Essential 8 medium

Essential 8 supplement was thawed at 2-8°C and mixed by gently inverting the vial. After that, Essential
8 supplement was added to DMEM medium to the ratio of 1:1 and mixed by swirling the bottle.
Complete Essential 8 medium was stored at 2-8°C up to two weeks. It was warmed at room

temperature before each use.
4.3.2.2 Procedure

Vitronectin coated 6-well plate was prepared. After aspirating the vitronectin wash solution, 2 mL of
supplemented fibroblast medium/ well was added and the plate was incubated at 37°C for at least 20
minutes. Four to two days before transfection, cultured fibroblasts were plated into T75 flask in
fibroblast medium to achieve 75-90% confluency by the day of transfection (Day0). On transfection
day (Day0), fibroblasts were collected and counted. 1 x 10° of cells which is needed for each
transfection were resuspended in 10 pl of resuspension buffer T and 2.85 ul of Episomal iPSC
Reprogramming Vector was added to the sample mix. After that, the cells were transfected by Neon
electroporation with settings set up at (Voltage 1650 v, Pulse= 10 ms, pulse#= 3), then the sample was
immediately dispensed into the pre-warmed 2 mL of supplemented fibroblast medium (cells were

evenly distributed across the well of the coated plate) and incubated overnight at 37 °C-5 % CO2.

On Dayl after transfection, the supplemented fibroblast medium was aspirated from the well and

replaced with 2 mL of supplemented N2B27 medium. The media was changed every other day, up to
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Day15. On Day15, the supplemented N2B27 medium was aspirated and replaced with supplemented
Essential 8 medium. Following that, the medium was changed every other day, and the plate was

observed for iPSC colonies formation (Figure 50).
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Figure 50: Reprogramming fibroblasts derived from whole blood to iPSCs with Epi5™ Episomal iPSC
vector timeline.

4.4 Limitations and delimitations

At the time of starting this project, researchers all around the world were racing to generate genetically
edited iPSCs as a therapeutic approach for sickle cell and thalassemia patients and | was one of them.
| spent a considerable amount of time in establishing a fully equipped tissue culture laboratory with
limited access, for contamination control, to only personnel involved in the project. At that time, we
were the first to start working on reprogramming somatic cells to iPSCs in our institution and research
center with no previous attempts. Although this fact imposed a difficult challenge, | was eager to start
the transfer of technology and optimize these protocols and get them working. | have used several
different approaches using different reprogramming kits. Unfortunately, | have encountered many
more challenges and shortcomings while working on this project than | have been anticipating
rendering the progress of the project unable to proceed any further. Restrictions were imposed on my
project as a result of many factors. The lack of experts in the field was an obstacle as | had to contact
kits and reagents companies all the time for troubleshooting. Time constraints, resource intensiveness,
and importation of reagents were all major factors that contributed to delaying the progress of the
project as | had to wait for 8-12 weeks to receive the reagent every time | place a new order. Most of

all, Covid and complete lock down had a severe impact and huge toll on the project’s progress as well.
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Sickle cell and beta thalassemia patients’ fear of Covid infection hindered their participation even after
restrictions are lifted. The obstacles and restrictions that | have encountered during the work on my
project had a huge impact on the decisions that | made about the concentration of my research goals
and forced me to make major adjustments to the aims and methodology to be able to present a well-

executed work in a timely manner.
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CHAPTER FIVE

CASE REPORT: IDENTIFICATION OF A RARE HOMOZYGOUS
MISSENSE VARIANT IN THE PKLR GENE THAT CORRELATES WITH
CHRONIC PYRUVATE KINASE DEFICIENCY ANEMIA
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5.1 Brief Introduction

The most common erythrocytic glycolytic pathway defect connected with congenital non-spherocytic
anemia is red cell pyruvate kinase deficiency. The condition which is inherited as an autosomal
recessive Mendelian trait is caused by mutations in the PKLR gene located on chromosome 1g21. Our
knowledge of the genetic diversity, pathophysiology, and hemolytic anemia complications brought on
by red cell pyruvate kinase deficiency has grown over the past few decades. More than 300 distinct
variants have been discovered since the discovery of the first PK deficiency pathogenic variants in
1991, and extensive research has been done on the investigation of its molecular mechanisms and the

existence of genotype-phenotype connections (Bianchi & Fermo, 2020).

Pyruvate kinase deficiency (PKD) was initially identified in the early 1960s. De Gruchy and colleagues
reported that adenosine triphosphate ATP, but not glucose, was able to reverse the symptoms of non-
spherocytic hemolytic anemia in a subset of patients by performing autohemolytic test on patient’s
red blood cells alone at first, then compares it with autohemolytic rate of blood with added glucose,
blood with added adenosine, and blood with added adenosine triphosphate using modified Dacie’s
method. This discovery came after Selwyn and Dacie’s initial discovery of the connection between
glycolysis and hemolytic anemia in the 1950s. PKD was soon identified as the molecular cause of this
anemia by Valentine and Tanaka and their colleagues (Selwyn & Dacie, 1954) (Valentine, 1961) (Tanaka
et al., 1962) (De Gruchy et al., 1960) (Grace & Barcellini, 2020).

Pyruvate kinase (PK) is crucial in the energy-producing glycolysis pathway (the Embden-Meyerhoff
pathway) that provides the red blood cell with the primary source of energy (ATP) by breaking down
the sugar glucose. PK catalyzes and synthesizes the conversion of phosphoenolpyruvate to pyruvate

and one molecule of ATP (Figure 51) (Al-Samkari et al., 2020).

ADP H: phosphoenolpyruvate ATP pyruvate
- iy L o]
H + H + ﬁ = ~ + 3
- H,C O—P—0 )’
v | 4

Figure 51: Equation of pyruvate kinase catalytic reaction.
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The PKLR gene, which is 9.5 kb in size and has 12 exons, is found on chromosome 1g21. In accordance
with tissue-specific promoters, the gene encodes for the enzyme’s liver (L) and erythrocyte (R)
isoforms. Both the erythrocyte and the hepatic isoenzyme share 10 of the 12 exons that make up the
coding area, whereas exons 1 and 2 are unique to each isoform, respectively. The 2060 bp long cDNA

for PKR codes for 574 amino acids (Bianchi & Fermo, 2020).

The PKLR gene, which is active in both the liver and red blood cells, codes for both pyruvate kinase
isoenzymes PK-L and PK-R. Since mature RBC lack mitochondria and have a lifespan of 100 to 120 days,
they rely on ATP for preserving their structural and functional integrity. Mutations in the PKLR gene
result in abnormal or deficient PK enzyme which leads to insufficient ATP synthesis, loss of RBC
membrane flexibility, cellular dehydration (As a result of the exhaustion of the energy supply for
membrane ion transporters), and early destruction of RBCs in the spleen or liver causing hemolytic
anemia and enlarged spleen. The hemoglobin-oxygen dissociation curve shifts rightward due to the
accumulation of 2,3-bisphosphoglycerate when PK activity is inadequate. Shortness of breath,
weariness, and pallor (pale skin) are symptoms of an insufficient amount of oxygen transporter RBCs
(Roy et al., 2021). The severity of the resulting congenital non-spherocytic anemia varies from patient
to patient. When RBCs are prematurely destroyed, iron and a chemical known as bilirubin are released,
which causes an excess of these substances to circulate in the blood. Jaundice (yellowing of the eyes
and skin) is a result of elevated bilirubin levels in the blood. If these levels went untreated, these levels
could accumulate and have serious effect that can cause brain damage (acute bilirubin
encephalopathy) in infants (very rare to develop in adults). Also, high levels of billirubin make

gallstones more likely to form (Porter & Dennis, 2002).

The diagnosis, treatment, and follow-up of children and adults with PK deficiency lack standards of
care at present. Because it is unclear how people with PK deficiency differ in terms of risk of problems
or clinical course, management techniques frequently mirror those used for patients with hereditary

spherocytosis or thalassemia intermedia (Grace et al., 2018).

Worldwide reports of PKD patients have been made since the condition was first described. It is found
in all ethnic groups. Although the frequency of PKD is not known with certainty, it is estimated to occur
in 3-8 out of every 100,000 people (Secrest et al., 2020). Cases may be misdiagnosed due to its rarity,

difficulties in making a diagnosis, and the wide range of clinical symptoms; as a result, this frequency
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might be understated. Because heterozygous carriers frequently exhibit no symptoms, it is challenging

to estimate the prevalence.

The number of PKLR gene pathogenic variants that are now known is constantly growing. Canu and
colleagues have reported 260 mutations (Canu et al., 2016). On the other hand, HGMD has reported
290 pathogenic variants in their database. The coding regions are where the vast majority of
pathogenic mutations are found, with most of them being missense mutations distributed throughout
all PKLR’s exons. The majority of PK deficiency variations impact residues important to the enzyme’s
structure and/or function. The wide range of clinical manifestations associated with PKD reflect the
significant molecular heterogeneity, and the pursuit of a link between genotype and phenotype has

been the subject of research for many years.

Although both pyruvate kinase deficiency and beta thalassemia major are hereditary illnesses that
impact red blood cells, the mechanism by which they manifest are distinct. Severe anemia results from
a lack of beta-globin chains, a component of hemoglobin, which is a hallmark of beta thalassemia
major. Conversely, pyruvate kinase deficiency is characterized by hemolytic anemia due to an
insufficient amount of the enzyme pyruvate kinase, which is essential for the maintenance and stability
of red blood cells. This, in turn, causes persistent hemolysis, which occurs at an earlier stage in the

disease.

The pyruvate kinase enzyme has a new allosteric activator in the form of AG-348 (mitapivat), an
innovative small chemical that is administered orally. It increases adenosine triphosphate (ATP)
generation and decreases levels of 2,3-diphosphoglycerate by dramatically upregulating both wild-
type and many mutant variants of erythrocyte pyruvate kinase (PKR). Clinical studies including
mitapivat have been conducted in a variety of inherited hemolytic anemias, including PKD, sickle cell
disease, and non-transfusion-dependent thalassemias. Mitapivat has become the first approved

licensed treatment for PKD in adults (Al-Samkari & van Beers, 2021) (De, 2024).

5.2 Diagnosis

Hematologically, PK deficiency presents like any other hereditary hemolytic illness. Clinical
presentation and test indicators of chronic hemolytic anemia, such as severe jaundice, splenomegaly,
an increase in reticulocytes, and hyperferritinemia, might raise the possibility of PKD as a diagnosis.

With the exception of miscarriages and affected siblings, the family history of PKD is largely unrevealing
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because it is an autosomal recessive illness. The diverse range of inherited and acquired hemolytic
diseases is part of the differential diagnosis. The diagnosis is made when more frequent causes of
hemolysis have been ruled out, reduced PK enzyme activity has been shown (enzyme testing).
Although low enzyme activity is correlated with PKD diagnosis, normal enzyme levels can be falsely
diagnosed as normal in patients who have received blood transfusions because of contamination with
normal donor cells. Additionally, transfusion dependency without obvious etiology since birth, with
unexplained hyperbilirubinemia are strong indicatives of the disease. Molecular analysis and genetic
diagnosis of PKD is considered the best way to confirm the disease if compound heterozygous or

homozygous pathogenic mutations in the PKLR gene have been found (Bianchi et al., 2019).
5.3 Case Presentation

This case refers to sample 183 from chapter 3. Peripheral blood was collected from a female patient
in her early 20s at the day care center of King Abdulaziz University Hospital (KAUH) where she receives
her monthly blood transfusion. The patient was previously diagnosed as suspected beta-thalassemic
with symptoms presented from 2-3 months and was administered regular continuous transfusions
accordingly. Sample DNA was investigated for beta-thalassemia variations using several molecular
techniques, including TagMan genotyping, NGS targeted sequencing of HBB gene using lon Torrent
PGM, and Sanger sequencing. Variations on HBB gene were never identified to support the suspected
diagnosis. Additionally, alpha thalassemia was investigated using MLPA technique but yielded negative
results. Further investigation of the case and reviewing clinical data and family history became

necessary to correlate her genotype with her clinical manifestation.

5.4 Clinical History

When the proband was born, she was discharged as a healthy new-born. Within a few days or weeks,
the baby’s skin and whites of her eyes started to appear yellowish with the family unaware of the
severity of their daughter’s condition, they did not seek medical attention until around 3-4 months
old. Jaundice (yellow skin and eyes) is a condition in which the infant’s liver may not be developed
enough to effectively eliminate bilirubin which leads to accumulation of this substance in the infant’s
body. Kernicterus is a disorder that develops when severe jaundice is left untreated for an extended
period of time and can cause brain defects, hearing impairment, and athetoid cerebral palsy.
Unfortunately, when the family returned to seek medical care, brain damage and hearing impairment

was already present in the proband and had severe hemolytic anemia of extremely low RBCs count
Page | 150



and low hemoglobin levels that required immediate blood transfusion. At that time, a diagnosis of
suspected beta-thalassemia was given to her to fast-track the approval of her transfusion and regular
monthly appointments were set on her behalf for continuous transfusions. The patient was not
investigated further until she was transferred to be treated at KAUH (around the time of sample
collection for our study at the age of 21). At that time, after sample collection and molecular
characterization of the HBB gene, the hospital was informed that there was no genetic finding that
correlates with beta-thalassemia. An attending hematologist reviewing her case file decided to
investigate her symptoms and family history and performed Hb electrophoresis for the proband’s
mother (father deceased) and her healthy siblings and found no evidence of beta-thalassemia. The
patient is the offspring of consanguineous parents and because of the rarity of pathogenic alleles in
the population, it would be extremely rare to find cases in non-consanguineous families. Because it is
arecessive disorder, there is unlikely to be any phenotype in the parents or even heterozygous siblings.

There was no history of transfusion dependency in the family.

An interview with the proband’s caring sister was conducted by phone to collect information on the
family history of the disease, as well as the disease history of the proband. No history of the disease
was detected in any of the proband’s immediate or secondary family members. The parents were
consanguineous but there was no evidence of the disease in other family members. Additionally, the
attending hematologist was also contacted to further understand the proband’s clinical manifestation.
When an infant presents with hemolytic anemia of unknown etiology and there is no history of sickle
cell disease, thalassemia, or any other genetic hemolytic anemia in their family, the diagnosis of PK
deficiency is often made later on. Pyruvate kinase deficiency and beta thalassemia major share many
of the general clinical manifestation, notably, thalassemia major and sickle cell disease do not cause
hemolytic anemia in the neonatal period since they still depend on fetal hemoglobin until around the
age of 6 months. On the other hand, severe pyruvate kinase deficiency can be manifested in neonates

since it is an enzymatic disorder that breaks down red blood cells with no regard to hemoglobin type.

Generally, kernicterus is not considered a high risk with thalassemia major. Bone abnormalities,
enlarged spleens, and severe anemia are more common consequences of thalassemia major. On the
other hand, the major symptom of PKD is persistent hemolysis, which increases the likelihood of
developing jaundice. Elevated bilirubin levels, due to the continuous breakdown of red blood cells in

PKD, increases the risk of kernicterus in newborns.
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As mentioned in the case presentation above, several molecular techniques were used to investigate
both beta thalassemia (HBB) and alpha thalassemia (HBA) genes. In order to identify a different genetic
etiology, whole exome sequencing was performed rather than HBB-directed sequencing (Figure 52).
NovaSeq 6000 DNA Exome by lllumina was used. Procedure was carried out as mentioned in the
manufacturer’s user guide (explained in detail in Experimental Procedure chapter). Software used for
data analysis was Bcl2fastqg v2-20, BWA-mem (aligner) v-0.7.12, Samtool v1.2, GATK-HaplotypeCaller
v-4.1.4.

TagMan genotyping of six common beta- Targeting sequencing of HBB gene using lon
thalassemia SNPs Torrent PGM

Multiplex ligation-dependent probe
amblification (MLPA) for detection of alpha-
thalassemia deletions

Whole exome sequencing using lllumina
NovaSeq 6000

Figure 52: Visual diagram of molecular techniques utilized in attempt to identify disease causing
variations of sample 183.

First, TagMan genotyping was performed on DNA sample using six of the most frequent beta
thalassemia variations in Saudi Arabia. With negative results from the genotyping, targeted sequencing
of HBB gene using lon Torrent PGM was performed but no variation was detected. After that, to rule
out alpha thalassemia, we performed MLPA testing, and no deletions were detected. Finally, we
detected the PKLR variant using whole exome sequencing.

5.5 Results

After molecular investigation using various sequencing techniques, neither TagMan genotyping nor
NGS HBB targeted sequencing revealed any mutation related to her initial suspected diagnosis of beta-
thalassemia. Also, MLPA did not yield any deletions in her alpha globin genes related to alpha

thalassemia (Figure 53).
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Figure 53: MILPA reaction result showing no significant deletions.

A score ratio of 1 indicates no change in copy number compared to reference sample. On the other
hand, a score of 0.5 indicates a heterozygous deletion while a score of 1.5 indicates a heterozygous
duplication. The blue boxes represent the 95% confidence interval of a probe over the reference
samples. The colored dots are the calculated probe ratio. The error bars surrounding the dots represent
a 95% confidence interval estimate for each probe in a sample. The red and blue lines display lower
arbitrary border and upper arbitrary border respectively. These borders are +/- 0.3 from the average
value of a probe over the reference sample. The black dot indicates no change in probe copy number
because the 95% confidence interval estimates (the error bars) of the probe overlap with the 95%
confidence intervals of the same probes over the reference sample. The purple dot indicates a
decreased signals of more than two standard deviations compared to the reference samples, but the
lower arbitrary border has not been crossed. The pink dot indicates an increased signals of more than
two standard deviations compared to the reference samples, but the upper arbitrary border has not
been crossed. The red dots indicate a decreased signals of more than two standard deviations
compared to the reference samples and the lower arbitrary border has been crossed. The red dot far
down in the ratio chart with one error bar indicates no signal found. Source: Coffalyser.Net reference
manual vO1.

WES analysis was then used to get a detailed view of the protein-coding regions of her whole genome.
we have generated a gene list to include genes that have been reported to be involved in one way or
another in hereditary anemia disorders. Generating gene panels to investigate inherited hemolytic

anemia disorder have been previously employed (Agarwal et al., 2016) (Roy et al., 2016). Our list was
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assembled by looking into literature and several gene panels that are used by clinical laboratories to
test for anemia related disorders. This list included, ABCB7, ABCG5, ABCG8, ADA, ADA2, ADAMTS13,
ADHS, AK1, ALAS2, ALDOA, AMN, ANK, ANK1, ATRX, BCL11A, BLM, BRCA2, BPGM, BRIP1, C150RF41,
CD59, CDAN1, CDIN1, CYB5A, CYB5R3, COL4A1, CUBN, DKC1, DHFR, DNAJC21, DNASE2, EFL1, EBP41,
EBP42, ENO1, ERCC4, ERFE, FANCA, FANCB, FANCC, FANCD2, FANCE, FANCF, FANCG, FANCI, FANCM,
FANCL, FTCD, G6PD, GATA1, GCLC, GIF, GLUT1, GLRX5, GPC, GPI, GSR, GPX1, GSS, GYPC, HEATR3, HK1,
HSCB, HSPA9, HMOX1, KCNN4, KIF23, KLF1, LARS2, LPIN2, MTR, MTRR, NDUFB11, NHLRC2, NHP2,
NT5C3A, NRF1, PALB2, PC, PDHA1, PDHX, PIEZO1, PFK, PFKM, PGK1, PKLR, PUS1, RAD51C, REN, RHAG,
RPL11, RPL15, RPL18, RPL27, RPL31, RPL35A, RPL5, RPS10, RPS17, RPS19, RPS24, RPS26, RPS27, RPS28,
RPS29, RPS7, SBDS, SEC23B, SLC19A1, SLC11A2, SLC19A2, SLC25A38, SLC4A1, SLC2A1, SF3B, SLX4,
STEAP3, SPTA1, SPTB, SRP54, TCN2, TF, THBD, TMPRSS6, TRNT1, TSR2, TPI1, UMPS, UGT1A1, VPS4A,
XK, YARS2. The advantages of using gene panels as a filtration search scenario include shorter
turnaround times, easier data processing, more coverage in the regions of interest, and fewer

incidental results (Wooderchak-Donahue et al., 2012) (Sun et al., 2015) (Kim et al., 2017).

A homozygous missense mutation was found on exon 7 of PKLR gene that has high potential to
correlate and explain her symptoms and phenotype (Table 15) (Figure 54). This missense mutation
leads to a change of amino acid number 339 and transforms its translated protein from aspartic acid
(negatively charged) to uncharged asparagine (D339N). The overall allele frequency of this variation in
the gnomAD v2.1.1 dataset is 0.002%. This variation has not been reported before in Saudi population.

The variation has been verified using Sanger sequencing (Figure 55)(Figure 56).

Table 15: Whole exome sequencing result of patient 183.

Genomic Location

Mutation Location Molecular Reference
Sample | HGVS name Status CLIGEE L on gene consequence cluster ID (rs#)
GRCh37 : !
Missense SNV
14- NM_000298.6
- Homozygous Chrl: 155264127 Exon 7 NP_000289.1 rs747097560 C-T
0183 c.1015G>A
P.Asp339Asn
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Figure 54: c.1015G>A variation mapped on PKLR gene.
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R indicates erythrocytic isozyme, while L indicates hepatic isozyme which are both encoded by the same
gene but with different promoters. With 574 amino acids, the R-type subunit is 31 residues longer than

the L-type at its amino terminus.

The hematologist was presented with clinical manifestation supporting of PKD that includes hemolytic

anemia with no known etiology, and severe neonatal jaundice that progressed to bilirubin

encephalopathy with lifelong neurological damage, the hematologist investigated PKD as potential

diagnosis which was clinically confirmed by testing pyruvate kinase enzyme activity levels (before

transfusion) which appeared to be low.
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Figure 55: Sanger validation of PKLR mutation.
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Figure 56: Alignment of PKLR gene Sanger Sequence.

5.6 Data Analysis

During our study, the homozygous missense variant found in our proband had been also identified and
associated with PKD phenotype in a case report in 2022. Rehman and his group have reported this bi-
allelic variant in the PKLR gene and correlated them to PK deficiency found in a consanguineous

Pakistani family (Rehman et al., 2022) in which there were four affected children.

The PKLR gene encodes for the pyruvate kinase enzyme, which catalyzes the transfer of a phosphate
group from 2-phophoenolpyruvate (PEP) to ADP, forming pyruvate and ATP. This is the final stage in
the glycolytic process, and under normal conditions, the reaction is not reversed. Mammals, including
humans, possess four distinct PK isozymes. Alternative splicing of PKLR gene transcripts results in
mMRNAs encoding either the M1 (muscle) or M2 (fetal) proteins. The sole difference between PKM1
and PKM2 mRNAs is whether they include one of two overlapping exons or not, PKM1 (8-9-11) while
PKM2 (8-10-11) (M. Chen et al., 2010). Fructose 1,6-bisphosphate (FBP) and phosphoenolpyruvate
(PEP) allosterically activate M2 PK, while simple saturation hyperbolic kinetics are exclusive to the M1
enzyme. Using tissue-specific alternative promoters, the same PKLR gene codes for the mammalian
liver and erythrocyte PK isozymes. PEP and FBP stimulate isozymes in both erythrocytes and the liver

(P. et al., 2019) (Schormann et al., 2019).

PK enzyme is a tetramer made up of four subunits (Figure 57). Each subunit has four domains: a domain
with (B/a) 8 barrel topology called domain A, domain B which is located between alpha-helix 3 and
beta-sheet 3 of domain A, domain C with a+p topology, and a small alpha-helical domain called the N-

terminus domain (Figure 58) (Valentini et al., 2002).
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Figure 57: Pyruvate Kinase 3D structure.

Adapted from PDB database (2VGI) (Valentini et al., 2002).

Catalytic
site

A domain

N-terminus

C domain «——— : “-—2 FBS activator
binding site

Figure 58: Pyruvate kinase 3D structure.

The control of PK activity relies heavily on this multidomain structure. The activation of the enzyme
involves a series of rotations in the enzyme's domains and subunits, as well as changes to the geometry
of the enzyme's active site. Residues at the domain and subunit interfaces play critical roles in this

mechanism by mediating interactions between the activator-binding site (inside the C domain) and the
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catalytic core (between the domains A and B) (Zanella et al., 2007) (Bianchi & Fermo, 2020). Fructose
1,6-bisphosphate acts as an allosteric activator of red cell pyruvate kinase, whose reaction kinetics

follow a sigmoidal shape with respect to PEP.

The catalytic mechanism of pyruvate kinase involves metal binding, a Mg?* and K* ions, that is
coordinated by several residues in the active site. The ions play a critical role in stabilizing the negative
charges that are found during the reaction, facilitating the transfer of the phosphate group. The metal
binding properties of pyruvate kinase are important for understanding the enzyme’s function and

regulation (Murakami & Yoshino, 2017).

The carboxylate side chain of Asp339 (in active site) is involved in the coordination of the Mg?*, which
is critical for the enzyme’s catalytic activity. In studies of X-ray crystal structure, the inhibitor 2-
Phosphoglycolic acid is bound at the PEP-binding site of the A domain, where protein residues and the
cations Mn?* (or Mg?*) and K* form a complex network of hydrogen bonds. K* ions and the side chain
of Arg116 bind the phosphate group, whereas Mn?* ions, the side chain of Thr371, and the main chain
nitrogen atoms of Gly338 and Asp339 at the N terminus of a short helical segment belonging to loop
6 of the A domain, anchor the carboxylate moiety. These interactions help to stabilize the Mg?* ion
and orient it in the active site, allowing it to facilitate the transfer of the phosphate group from PEP to
ADP (Figure 59)(Figure 60) (Schormann et al., 2019). Mutations in Asp339 which involves Mg?* binding
can impair the catalytic activity of pyruvate kinase and alter the substrate specificity or allosteric

regulation of the enzyme, leading to changes in metabolic pathways and cellular functions.

Asp 339(B)

cA

((ﬂu 315(B)

MN 583(A)

N Glu 315(A)

Figure 59: Crystallography Ligand with 2-phosphoglycollic acid/metal interaction involving metal ion
Mn?* in both chain A and chain B using LIGPLOT (Wallace et al., 1995).

The change from Asp to Asn would remove the negative charge from the ligand.
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Figure 60: Pyruvate Kinase active site.

A represents the 3D structure of the enzyme tetramer. B is a single chain in the enzyme. C represents
the 2D structure of the enzyme’s active site bound to its substrate 2-phosphoglycolic acid. The
homology modelled 3D structure of pyruvate kinase using I-TASSER server.

Asp339is a highly conserved residue located in the active site of pyruvate kinase (Figure 61). Based on
a search of the UniProt database, Asp339 is highly conserved across different organisms, suggesting
its functional importance in the enzyme. Asp33 is conserved in all vertebrate pyruvate kinase isoforms
(Figure 62), including human (P30613), mouse (P52480), zebrafish (Q919N4), Xenopus (Q90XJ9), and is

also conserved in other organisms such as fruitfly (P07132) and yeast (P0O0887).
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Figure 61: Amino Acid sequence of PKLR gene showing Asp339 residue conservation.

Residue conservation calculated by ConSurf-DB (Ben et al., 2020)

# #
277 RRFD---EILEASDGIMVARGDLGIEIPAEKVFLAQKMMIGRCNRAGKPVICATQMLESMIKKPRPTRAEGSDVANAVLD 353 cat
248 NNFD---EILKVTDGVMVARGDLGIEIPAPEVLAVQKKLIAKSNLAGKPVICATQMLESMTYNPRPTRAEVSDVGNAILD 324 baker's yeast
228 NNFD---EILEASDGIMVARGDLGVEIPVEEVIFAQKMMIEKCIRARKVVITATMMLDSMIKNPRPTRAEAGDVANAILD 384 Escherichia coli
262 NNFD---EILEETDGVMVARGDLGIEIPAPKVFIAQKMMIAKCNIKGKPVICATQMLESMTYNPRPTRAEVSDVANAVLD 338 Emericella nidulans
271 NNFA---EILEETDGVMVARGDLGILEIPAAEVFAAQKKMIAMCNIAGKPVICATQMLESMIKNPRPTRAEISDVGNAVTD 347 Hypocrea jecorina
259 NNFD---EILKETDGVMVARGDLGIEIPAPQVFIAQKQLIAKCNLAGKPVICATQMLDSMTYNPRPTRAEVSDVGNAVLD 335 Yarrowia lipolytica
248 INFD---EILRETDSFMVARGDLGMEIPVEKIFLAQKMMIYKCNLAGKAVVTATQMLESMIKSPAPTRAEATDVANAVLD 324 potato
229 ANID---EILEAADGLMVARGDLGVEIPAEEVPLIQKLLIKKCNMLGKPVITATQMLDSMQRNPRPTRAEASDVANAIFD 385 Geobacillus stearo...
231 ANDEamdDIILASDVIMVARGDLGVEIGDPELVGVQKKLIRRSRQLNRAVITATQMMESMISNPMPTRAEVMDVANAVLD 310 Haemophilus influe...
229 DNID---EILQVSDGLMVARGDMGVEIPFINVPFVQKTLIKKCNALGKPVITATQMLDSMQENPRPTRAEVTDVANAVLD 385 Lactobacillus delb...
248 NNFD---EILKVTDGVMVARGDLGIEIPAPEVLAVQKKLIAKSNLAGKPVICATQMLESMTYNPRPTRAEVSDVGNAILD 324 baker's yeast
228 NNFD---EILEASDGIMVARGDLGVEIPVEEVIFAQKMMIEKCIRARKVVITATMMLDSMIKNPRPTRAEAGDVANAILD 384 Escherichia coli
262 NNFD---EILEETDGVMVARGDLGIEIPAPKVFIAQKMMIAKCNIKGKPVICATQMLESMTYNPRPTRAEVSDVANAVLD 338 Emericella nidulans
271 NNFA---EILEETDGVMVARGDLGIEIPAAEVFAAQKKMIAMCNIAGKPVICATQMLESMIKNPRPTRAEISDVGNAVTD 347 Hypocrea jecorina
259 NNFD---EILKETDGVMVARGDLGIEIPAPQVFIAQKQLIAKCNLAGKPVICATQMLDSMTYNPRPTRAEVSDVGNAVLD 335 Yarrowia lipolytica
248 INFD---EILRETDSFMVARGDLGMEIPVEKIFLAQKMMIYKCNLAGKAVVTATQMLESMIKSPAPTRAEATDVANAVLD 324 potato
229 ANID---EILEAADGLMVARGDLGVEIPAEEVPLIQKLLIKKCNMLGKPVITATQMLDSMQRNPRPTRAEASDVANAIFD 305 Geobacillus stearo...
231 ANDEamdDIILASDVIMVARGDLGVEIGDPELVGVQKKLIRRSRQLNRAVITATQMMESMISNPMPTRAEVMDVANAVLD 310 Haemophilus influe...
229 DNID---EILQVSDGLMVARGDMGVEIPFINVPFVQKTLIKKCNALGKPVITATQMLDSMQENPRPTRAEVTDVANAVLD 305 Lactobacillus delb...

Figure 62: The amino acid, D (Asp339), conservation across different organisms.

Source: CCD database (cd00288) (Lu et al., 2020).

Aspartic acid (Asp) and asparagine (Asn) are structurally similar amino acids, with Asn having an
additional amide group in its side chain. However, Asp is negatively charged, while Asn is uncharged.
Therefore, the substitution of Asp339 with Asn would eliminate the negatively charged carboxylate
group that is crucial for the coordination of Mg?* in the active site. This could lead to a reduction or
even loss of Mg?* modelled binding, impairing the catalytic activity of pyruvate kinase, potentially
leading to significantly functional consequences, metabolic disorders, and physiological effects
affecting its interaction with other molecules and regulatory factors.

On a similar note, in 1997, a variation that produces the amino acidic substitution Asp390Asn was
found by Zanella and his research group while studying a group of Italian patients with pyruvate kinase
deficiency (Zanella et al.,, 1997). At the A/A interface, Arg337 (positively charged) and Ser389

(uncharged) from two separate subunits form a hydrogen bond network that prevents Asp390
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(negatively charged) from interacting with the solvent. Crystallographic analyses of E. coli PK reveal
that Asp390, via connecting quaternary structural alterations with active site rearrangements, is
essential for the enzyme’s allosteric transition. Molecular investigation reveals that replacing Asp390
with Asn results in a nearly inactive protein that is. This suggests that the Asp390Asn mutation prevents
the protein from transitioning to its active R state (Zanella et al., 2005) (Valentini et al., 2000) (Mattevi
et al., 1995).

In our investigation of the variation, we have modelled of the mutated protein and compared it with
the normal protein, which resulted in noticeable changes with regards to their protein-ligand 2D

chemical interactions, hydrophobicity, H-bonds, and charges.

Molecular docking was performed for the normal PKLR protein and the mutated PKLR (Asp339Asn)
domains. First, we used both NCBI (PDB ID: 2VGB) and UniProt (ID: P30613) databases for the biological
data collection of normal PKLR enzyme. I-TASSER server was used for modeling of the 3D protein
structures of normal and mutated PKLR enzyme, and each compound structure was obtained from
PubChem database. For energy minimizing process, Swiss PDB Viewer (spdby) was used to modify all
compound structures. Format conversion from pdb to pdbqgt was done by using Open Babel (Version
2.3.1) software. After that, Discovery Studio software (Version 2019) was used to handle the alteration
of each protein and ligand by adding hydrogen atoms and metals, before the molecular docking
process. , Auto Dock Vina (Version 2.0) was used to define the grid box with 1.00 A spacing and a grid
map of 72 X, 76 Y, 84 Z A points for the mutated PKLR with the predicted new substrate (proline) and
14 X, 16 Y, 10 Z A points for the mutated PKLR with its normal substrate. Auto Dock was used to rank

Van der Waals interactions, binding energy and inhibition constant (Mohamed et al., 2022).

The analysis of the binding sites revealed the pockets for each protein and the nature of the pockets
using the Discovery studio program. The protein pockets and the amino acids involved in binding can
help us make an estimate of how H-bonds, chemical interactions, hydrophobic/hydrophilic,

positively/negatively charged, and what type of substrate may bind to that specific protein.

The 2D chemical interactions comparison between the normal and mutated PKLR showed that the
mutated form will not form regular interactions between the active site and its modelled substrate (2-
phosphoglycollic acid). The normal substrate is 2-phosphoenolpyruvic acid. The phosphoglycollic acid
is a substrate-model/inhibitor used in the crystallography because ADP cannot be added with PEP

because they would react (Figure 63).
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Figure 63: A comparison in 2D structure of the active site chemical interactions.
A) The normal domain of PKLR. B) The mutated domain with “2-phosphoglycolic acid”.
H-bonds are shown to control molecular interactions via a donor-acceptor pairing process that
decreases water competition (Figure 64). Moreover, each charge within the protein will communicate
with the surrounding solvent (Figure 65). When there are more charges present, those charges interact
with one another, but the solvent dampens the intensity of those interactions. There is a substantial
impact of charged particle interactions with solvents and solvent filtration of charge-charge
interactions on the electrostatic energy of proteins. All these protein properties exhibited significant
change between normal and mutated PKLR. Additionally, normal and mutated PKLR have also shown
a significant difference in hydrophobicity (Figure 66).

A B

H-Bonds
Donar

Acceptor B

Figure 64: A comparison in H-bonds.

A) The normal domain of PKLR. B) The mutated domain with “2-phosphoglycolic acid”. H-bonds as
donors appeared with pink color, while H-bonds as acceptors appeared with green color. H-bonds as
donors through the docked of both mutated PKLR complex were more than the normal chain-substrate
complex.
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Figure 65: A comparison of protein’s charges.

A) The normal domain of PKLR. B) The mutated domain with “2-phosphoglycolic acid”. Positive charges
appeared with blue color while negative charges appeared with red color. The docked chain A of normal
PKLR both negative and positive charges, while the docked mutated PKLR charges were mostly neutral.
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Figure 66 A comparison in hydrophobicity.

A) the normal domain of PKLR B) The mutated domain with “2-phosphoglycolic acid”. Hydrophobicity
appeared with brown color, while hydrophilicity appeared with blue color. The docked chain A of
normal PKLR was mostly hydrophilic, while the docked mutated PKLR substrate complex had

hydrophobic regions.

Additionally, according to the 3D modeling of the mutant protein by Rehman and colleagues, with the
evaluating of protein-ligand interaction showed that the mutant protein established new connections
through Arg216 and Glu347 and lost its regular interactions with phosphoenolpyruvate, which causes
poor or nonexistent dephosphorylation of phosphoenolpyruvate that leads to deficiency in glycolysis’s

ability to produce energy (Rehman et al., 2022).
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Furthermore, we have used several in-silico prediction tools available online to predict pathogenicity
or damaging effect of the amino acid substitution on the protein. The substitution at position 339 from
aspartic acid (D) to asparagine (N) is predicted to affect protein function with a score of 0.00 (predicted
damaging if the score is equal or less than 0.05), and median sequence conservation of 2.99
(Prediction-sequence diversity is measured using this metric) by using SIFT (sorts intolerant from
tolerant), which is a sequence homology-based tool used to estimate the potential phenotypic impact
of a protein-level amino acid change. Protein function and evolutionary history are assumed to be
linked in SIFT. Alignments of protein families should show conservation at functionally relevant

locations while showing diversity at less critical places (Ng & Henikoff, 2003).

SNAP? (Screening for Non-Acceptable Polymorphisms) had predicted an effect on protein function as
well with a score of 84 and expected accuracy of 91%. SNAP uses a neural network to anticipate how
a SNP may influence protein’s function. When available, SNAP makes use of evolutionary data to
determine which residues within a given sequence family are conserved, as well as other features of

the protein's structure and annotations (Bromberg & Rost, 2007).

Additionally, another in-silico tool was used to predict the effect of the amino acid substitution, PhD-
SNP (Predictor of human Deleterious Single Nucleotide Polymorphisms), which is a machine learning
method that employs a supervised training algorithms to determine if a given SNP is connected with
disease by analyzing the protein sequence, also resulted in predicting a disease-related polymorphism
in corresponding to the change in the amino acid sequence D339N (Capriotti & Fariselli, 2017). Also,
Mutation Assessor, which is based on the evolutionary conservation of the damaged amino acid in
protein homologs, provides an approximate assessment of the chance that the mutation has a
phenotypic effect at the organism level. This web-based tool has predicted a high functional impact of

this missense mutation on the resulted protein (Reva et al., 2011).

PANTHER tool calculates the probability that a particular SNP will lead to a change in the protein's
function and presents the outcome as a percentage. It does this by computing a score known as
subPSEC, which stands for substitution position-specific evolutionary conservation, based on an
alignment of evolutionarily related proteins using a hidden Markov model (Thomas et al., 2003).
PANTHER predicted the variation as probably damaging with a probability of deleterious effect score
of 0.95.
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Moreover, MutPred2 was also used in pathogenicity prediction, which resulted in a score of 0.92 (equal

or more than 0.5 is pathogenic) (Pejaver et al., 2020).

Furthermore, the mutation was also categorized as “Probably damaging” by using another in-silico
software tool, PolyPhen-2, which is a Bayesian classifier that determines the likelihood that a given
non-synonymous SNP is deleterious. The Location-Specific Independent Count (PSIC) score, which
ranges from 0 to 1, is based on the evolutionary conservation of a protein sequence in the MSA
(multiple sequence alignment) and the negative effect on the protein structure (Adzhubei et al., 2010).
The use of different in-silico prediction tools has shown that all of them have predicted the identified
variant to be deleterious, pathogenic, and probably damaging which makes it the best candidate to be

associated with the disease.

5.7 Conclusion

With the dramatic increase of the number of molecular mutations, and clinical misdiagnosis, NGS
technologies have led to increased knowledge of rare congenital conditions. While none of the
proband’s family members were clinically affected or had the disease, it was present in the proband
in a homozygous state. Our data collectively suggest that c.1015G>A missense variation of the PKLR
gene may decrease or abolish PK enzymatic activity, resulting in PK deficiency in the affected
individuals.

To further expand our knowledge of this variation and show its pathogenic character, functional
consequences of the variant should be investigated experimentally such as PK enzymatic assays,

biomarkers, and expression analysis should be performed in future work.
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CHAPTER SIX

EXPLORING THE MOLECULAR HETEROGENEITY OF A FAMILY
EXHIBITING THALASSEMIA MAJOR
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6.1 Use of whole exome sequencing to elucidate the genetic bases of transfusion-

dependent patients

After failing to identify mutations on HBB gene that would explain the phenotype severity of three
transfusion-dependent patients using multiple sequencing techniques, two heterozygote carriers and
one with no identifiable HBB variants, we used whole exome sequencing (using the Illumina platform)

to explore all mutants, not only in HBB, but also in all genes related to thalassemia and anemia.

The procedure was carried out as described in the Experimental Procedures of Chapter two. It starts
with library preparation and enrichment. After that, the library was hybridized to an Illlumina flow cell,

sequenced and data is interpreted using lllumina BaseSpace (Table 16)(Table 17)

Table 16: QC metrics of thalassemia samples’ results.

Percent | Duplication 'I:otal Total aligned % read Mean region
Sample aligned targeted . coverage
Q30 rate enrichment
reads reads depth
[-17 98.61 7.77 87548077 64417715 73.58 104.02
14 0183 | 98.75 9.78 114623265 88377592 77.10 139.66
l1-14 98.62 9.67 130340744 98415991 75.51 155.12

Table 17: QC metrics of thalassemia samples’ results continues.

ST Uniformity of coverage (Pct | Depth of Sequencing Depth of Sequencing
> 0.2*mean) Coverage at 30x Coverage at 100x
11-17 97.73 94.23 47.64
14 0183 97.59 96.53 68.85
11-14 97.76 97.29 74.80

When sequencing was completed, the run folder was copied from the NovaSeq 6000 machine to the
University high performance computer (HPC). The in-house GenaTi NGS analysis pipeline reads the run

folder. The main steps in the workflow of variant calling are described in chapter 2.

6.2 Results and data analysis

As mentioned before, we have two cases with only heterozygous beta-thalassemia pathogenic
mutation, c.27dupG, which is located on exon 1 of HBB gene which is expected to cause very early
premature termination. Upon clinical history investigation, we have found that these two cases are
siblings from the same mother (samples 1I-14 and 1I-17), and that they have five more affected siblings
and half-siblings. All seven were diagnosed with thalassemia major as they require frequent

transfusions. Since the father is the common factor between the two families, our initial assumption
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was that the father is the carrier of the frameshift HBB mutation, and we should be looking at the
genetic contribution from the mothers that caused the children to exhibit thalassemia major. However,

this did not prove to be the case.

Samples were collected from family members depending on their availability. A total of 14 samples
were collected from the father, two mothers, and from their affected (five out of the actual seven) and
non-affected children (six samples), and whole exome sequencing was performed on their DNA to
analyze the sequences of both beta globin and alpha globin gene clusters in more detail. Interestingly,
the father did not have a mutation within his HBB gene, instead, we found that each mother was a
carrier of a different known pathogenic gene-disrupting alleles ¢.92+5G>C and c.27 dupG on HBB in a
heterozygous state, while the father did not appear to have variations in any of the globin genes.
However, he was hemizygous for the non-synonymus missense G6PD variant c.653 C>T (p.Ser218Phe)
that has been reported to cause X-linked hemolytic anemia due to deficiency of G6PD activity when
coupled with an increased reactive oxidative stress production caused by environmental triggers such
as certain food or medication (Richardson & O'Malley, 2023). Mother I-1 is coincidentally homozygous

for the same G6PD mutation (Figure 67).

G6PD: c.653C>T
Homozygous

HBB: c.92+5G>C G6PD: ¢.653C>T HBB: ¢.27dupG
Heterozygous Hemizygous Heterozygous

s N ®

FAMILY A ' FAMILY B
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Figure 67: Pedigree of a family with beta-thalassemia major phenotype showing pathogenic variants
in two genes, HBB and G6PD.

The Roman numbering, | and Il, indicate the two generations. Shapes with diagonal lines are deceased.
Blue color is affected (transfusion dependent) while white is unaffected. Crossed out shapes are not
investigated.

Neither mother is closely related to the father (non-consanguineous marriages). From family A, five of
the 13 children were transfusion dependent and so categorised as thalassemia major patients. Two of
whom are deceased, two were unavailable for testing, while the remaining affected son (lI-10) had
both G6PD (hemizygous) and HBB pathogenic (heterozygous) variations with severe phenotype. On
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the other hand, from family B, four of the seven children are transfusion-dependent patients, three of
whom are female and one is male. The affected females (lI-14, 1I-15, and [I-16) had inherited both
pathogenic variations, G6PD from their father (heterozygous) and HBB from their mother
(heterozygous), whereas the male (11-17) had only inherited the heterozygous HBB mutation from his
mother since G6PD is an X-linked gene and he could not have inherited a G6PD mutation from his
father because he can only have inherited his mother’'s X chromosome. On the other hand, the
unaffected children that were available for testing from family A were all females (11-3, 11-11, 1I-12, II-
13) that had inherited the missense G6PD variation (homozygous) and had no HBB mutation. On the
other hand, II-19 (unaffected male) from family B had no apparent pathogenic variation and 11-20 had

inherited the G6PD from her father in a heterozygous state. (Table 18)(Table 19)

Table 18: Variations found in each affected member of families A and B by initial investigation of WES
data.

Evidence of Evidence of
ID Gender Phenotype HBB variant G6PD variant
HBB variant G6PD variant
Affected/
-4 Female N/A Not tested Homozygous Implied
deceased
[I-5 Male Affected N/A Not tested Hemizygous Implied
Affected/
-8 Male N/A Not tested Hemizygous Implied
deceased
-9 Female Affected N/A Not tested Homozygous Implied
11-10 Male Affected Heterozygous Tested Hemizygous Tested
l1-14 Female Affected Heterozygous Tested Hemizygous Tested
11-15 Female Affected Heterozygous Tested Heterozygous Tested
l1-16 Female Affected Heterozygous Tested Heterozygous Tested
-17 Male Affected Heterozygous Tested Wild type Tested

Page | 169




Table 19: Variations found in each unaffected member of families A and B by initial investigation of

WES data.
Evidence of Evidence of
ID Gender Phenotype HBB variant G6PD variant
HBB variant G6PD variant
Female
I-1 Unaffected | Heterozygous Tested Homozygous Tested
(mother A)
Male
-2 Unaffected Wild type Tested Hemizygous Tested
(father)
Female
I-3 Unaffected Heterozygous Tested Wild type Tested
(mother B)
-1 Male Unaffected N/A Not tested Hemizygous Implied
-2 Male Unaffected N/A Not tested Hemizygous Implied
-3 Female Unaffected Wild type Tested Homozygous Tested
II-6 Male Unaffected N/A Not tested Hemizygous Implied
-7 Male Unaffected N/A Not tested Hemizygous Implied
11-11 Female Unaffected Wild type Tested Homozygous Tested
11-12 Female Unaffected Wild type Tested Homozygous Tested
11-13 Female Uanffected Wild type Tested Homozygous Tested
Unaffected/
11-18 Male N/A Not tested Wild type Implied
deceased
11-19 Male Unaffected Wild type Tested Wild type Tested
11-20 Female Uanffected Wild type Tested Heterozygous Tested
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The HBB splice-site intronic variation ¢.92+5G>C which is carried by I-1 and her affected children, and
the HBB exonic frameshift variation ¢.27dupG in |-3 and her affected children, have been both
described in chapter 3 as severe variations. Carriers of either these variations in a heterozygous state
can be asymptomatic or can have mild anemia (beta thalassemia minor or trait). A more severe
spectrum of thalassemia (intermedia and major) is manifested if HBB variations are inherited in a
homozygous state or in a compound heterozygous state (which was not suggested by the sequencing
data). G6PD deficiency on the other hand is an X-linked recessive inherited disease that caused by a
structural defect of the G6PD enzyme and reduces its activity. G6PD activity is necessary for RBC
protection against hemolysis under oxidative stress or external triggers such as certain food,
medicines, or infections. Most individuals with G6PD deficiency experience no symptoms unless
exposed to triggers (Antwi-Baffour et al., 2019). Both I-1 and father I-2 have the same G6PD variation
rs80356820, which is reported as pathogenic or likely pathogenic according to ACMG guidelines by
numerous submitters with few conflicting reports of uncertain significance of pathogenicity in ClinVar
(Richards et al., 2015). ClinVar is a publicly accessible database that stores findings on the associations
between human germline or somatic variants of any kind, size, position and phenotypes, along with
the supporting evidence (Landrum et al., 2018). Because of differences in polarity, charge, size, and
maybe other features between the uncharged amino acid serine (polar) with its hydrophobic
substitution phenylalanine (non-polar), this variation might affect secondary protein structure. As
compared to the anticipated frequency of the associated disorder, the allele frequency of this variation
is higher in the gnomAD v2.1.1 dataset. Yet, in the Mediterranean region, the Middle East, and the
Indian subcontinent, this variation is the leading source of G6PD deficiency (Al-Jaouni et al., 2011)
(Alfadhli et al., 2005) (Sukumar et al., 2004). Mediterranean G6PD is a well studied variant that has
been linked to favism and other forms of severe hemolytic anemia (Pfeffer et al., 2022). The enzyme
kinetics of G6PD Mediterranean have distinctively changed by reduced affinity to G6P due to the
location of the amino acid replacement being nearest to lysine 205 which is believed to be involved in
the binding of G6P. This variant also has decreased in vitro thermostability and decreased enzyme
activity in circulating RBC (Vulliamy et al., 1988) (Moiz et al., 2012). However, the conflicting data on
ClinVar that do not clearly show Ser218Phe to be a pathogenic mutation is based on inconsistent
results from in silico prediction tools such as SIFT and Polyphen that predicts whether the mutation
knocks out the protein function and not on its effects on human health. The clinical manifestation of

G6PD deficiency is not consistent. Individuals with the same genotype may exhibit different levels of
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severity. In the molecular characterization study of G6PD deficiency by Sathupak et al in 2021, G6PD
mutations appeared to be responsible for the severe enzymatic activity observed in the Lue
community, but these results did not correspond with the established WHO categories of Class II-

severe or Class lll-moderate-to-mild deficiency (Sathupak et al., 2021).

The inheritance of both G6PD deficiency with thalassemia is common in regions with high rates of both
hematological diseases (Thiam et al.,, 2022). In a comparative study of hematological parameters
between patients with only thalassemia and patients with co-inheritance of thalassemia and G6PD
deficiency, Pornprasert and Phanthong have concluded that the severity of anemia in thalassemia
patients was not worsened by G6PD deficiency (Pornprasert & Phanthong, 2013). In a contradicting
study by Deng et al, showed that G6PD deficiency is commonly inherited together with HbAE (mild
anemia) in the Kachin ethnic group, and that they may interact together to cause severe anemia in

men (Deng et al., 2017).

Another recent study published in 2022 by Yang and colleagues about a Chinese male child with co-
inheritance of G6PD gene pathogenic variation ¢.1225C>T (hemizygous) and HBB gene pathogenic
variation ¢.316-197C>T (heterozygous). They believed that because the heterozygous state of the HBB
mutation does not cause severe anemia, therefore the G6PD mutation is primarily responsible for the
patient's clinical symptoms (Yang et al., 2022). Similarly, all of our affected cohort have a heterozygous
pathogenic HBB mutation that is not enough on its own to raise their anemia manifestation from mild
to major. Inheriting both HBB and G6PD mutations might actually be the explanation for their severity
except for three concerning reasons. First, the mother from family A (I-1) has the same genotype as
her not tested daughter but does not share their severe phenotype. Second, the affected females from
family B are only heterozygous for the G6PD variation and since it is an X-linked gene, there is no
evidence for illness in G6PD heterozygotes. Third, we have one affected male in family B that does not
have the G6PD mutation which suggests that he needs to have inherited something else from the
father that correlates with the severity of his case. The explanation for the phenotype in family B must
be different, if we assume that G6PD with HBB explains the phenotype in family A. Either that or G6PD
is irrelevant (or a contributor) in both families and the father has another mutation that we have not

discovered yet.

Upon further investigation into the clinical details of the severity in affected members, several features

of beta thalassemia major were discovered and summarized in the table below (Table 20).
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Table 20: Clinical details of the severity in affected members.

old

Splenectomy

Sample Age of transfusion Reaction to
ID Gender Other clinical details
availability dependency favabeans
Around 2 years
-4 Female Not tested Deceased No
old
Around 9 years
II-5 Male Not tested Type |l diabetes No
old
Around 2 years
11-8 Male Not tested Deasead No
old
Around 2 years
11-9 Female Not tested Delayed growth
old Splenectomy No
Around 2 years
[1-10 Male Tested N/A No
old
Around 2 years
1-14 Female Tested Delayed growth
old Splenectomy No
Type | diabetes
Around 2 years Delayed growth
[1-15 Female Tested Splenectomy N
old ; o
Type | diabetes
Around 2 years
[1-16 Female Tested Splenectomy No
old
Around 2 years
-17 Male Tested Delayed growth No

While some patients can be quickly diagnosed, others require a more extensive investigation into
possible causes for their symptoms. Although exome sequencing is often the last step in the diagnostic
process, it is not without its limitations. Therefore, deeper investigation into the genomic make-up of
these individuals was needed to uncover the key players to explain their genotype/ phenotype

correlation.

We have continued our family investigation by firstly validating WES data and confirming the presence
of G6PD and HBB variations in the family members by performing Sanger sequencing. (Figure

68)(Figure 69)(Figure 70)
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Figure 68: Comparison between A) the mother's sample (I-1) with the heterozygous splice region
variation (c.92+5G>C) vs. B) the father’s sample (I-2) with reference sequence.

A B
T T B | lr|~I~I~|+l+l—l—l—ill_i—l——l—l—l—t—l—l——i—lrl——l—l—l——lr—
CCAACCACATCTECTCCCTGTTCCG cCaacCcCacCcaTCT CTCCCTGTTCCGTG .,
220 230 ' 220 Z
G6PD: c.65‘3C>T G6PD: c.653C>T
Heterozygous Homozygous

URARARY WA “ MRV ARR AN | AT

Figure 69: Chromatogram of G6PD c.653C>T variation with the chromosomal position of hg37:
chrX:153762634.

A.shows a heterozygous mutation in sample 1I-14. B. shows a homozygous mutation in sample I-1.
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Figure 70: Comparison of sequencing chromatograms.

Sequencing chromatogram comparison of wild type versus heterozygous variant of c.27dupG showing
wild type case of reference sequence with no c.27dupG mutation (top figure) vs. heterozygous mutation

of ¢.27dupG (bottom figure) which contains an insertion of a G nucleotide that shifts the open reading
frame resulting in premature termination.

Between 6 and 24 months of age, when hemoglobin synthesis switches from fetal (HbF) to adult (HbA),
patients with beta-thalassemia major often start presenting with clinical symptoms. On the other
hand, the presence of beta-thalassemia minor (trait) is often found unexpectedly during a normal
complete blood count. Mild anemic symptoms may exist in patients without any obvious abnormalities
on physical examination. Individuals with intermedia phenotype may exhibit a wide range of symptoms
and severity, possibly with the need for occasional but not routine transfusions. In order to diagnose
asymptomatic carriers (sometimes minor symptoms), automated electronic cell counters are often
used to perform complete blood count (CBC). Since we did not have access to clinical histories for the

family members, we performed basic diagnostic clinical tests starting with complete blood count which
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include hematological indicies of RBC count, hemoglobin, average size of red blood cells MCV (mean
corpuscular volume), amount of hemoglobin in red blood cells MCH (mean corpuscular hemoglobin),
differences in the size and volume of erythrocytes RDW (red cell distribution width), and RBC
morphology. Also, we measured the levels of different hemoglobin types (HbA, HbA2, and HbF) by
performing Hb capillary gel electrophoresis on haemoglobin released from a lysed blood sample.
Finally, we assayed G6PD activity to evaluate if the detected variant does cause G6PD deficiency. Since
our affected patients have blood transfusions on regular basis, their own blood will be contaminated
with donor blood. To minimise this effect, blood samples were drawn in hospital immediately before
transfusion when donor contamination will be at its lowest possible. Samples were collected from the

parents, and from three of the unaffected offspring.

For hematological analysis, we have looked into the parameters of the red blood indicies for each type
of thalassemia (minor-intermedia-major) as a reference to be able to compare to our samples. For
thalassemia minor (trait), an elevation in red blood cell count is accompanied by a lower mean
corpuscular volume (MCV; 60-70 fl), lower mean corpuscular hemoglobin (19-23 pg), and slight
elevation in RDW. Red blood cells may exhibit morphological abnormalities such as microcytosis,
hypochromia, and anisopoikilocytosis (abnormal shapes and sizes). Beta-thalassemia minor have at
least one beta-globin gene that is unaffected, which enables them to produce adequate amounts of
hemoglobin to meet the routine demands of the body without significantly increasing the risk of
erythroid hyperplasia. In addition to this, the decrease in hemoglobin is compensated for by a rise in
other types of hemoglobin, most often HbA2 (a262). Quantitative determination of HbA2 is the most
helpful diagnostic tool with values between 3.6% to 7% with normal to slightly higher levels of HbF
(a2y2) . Thalassemia intermedia (non-transfusion dependent) should be considered in people
presented at a later age with milder clinical symptoms than thalassemia major. They have mild to
moderate anemia, with hemoglobin levels between 7 and 10 g/dL (even in the most severe cases),
with MCV levels that ranges between 50 to 80 fl, and MCH between 16 to 24 pg. Thalassemia
intermedia is characterized by HbA2 level of more than or equal to 3.5 percent and HbF level between
10 and 50 percent. The levels of HbA2 and HbF are affected by both the severity of the genetic
abnormality and the level of erythropoiesis. Thalassemia major (transfusion dependent) patients have
severe normocytic/microcytic anemia at a young age. There is a consistent decrease in hemoglobin
below 7 g/dL with low MCH and MCV values, 12-20 pg and 50-70 fl respectively. In beta thalassemia
major with homozygous variants, HbA (a2B2) is completely absent, and HbF represents 92 to 95% of

the total hemoglobin. On the other hand, in beta thalassemia major with compound heterozygous
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variants, the HbA levels are between 10 and 30%, while HbF represents 70 and 90% of total
hemoglobin (Khan & Rehman, 2022) (Needs et al., 2022). Listed below are the results of our tested

samples (Table 21).

Table 21: Complete blood count test results.

RBC MCV MCH RBC

SG 10°/uL JeBErelt 80-100 fL 23-31 pg RDW % morphology
11-19 5.88 10.7 59 18.2 16.8 Microcytosis
-2 5.99 11.7 65.1 19.5 13.8 Microcytosis
Microcytosis,
-3 4.66 8.3 63.3 17.8 21.7 anisocytosis,
hypochromia
Microcytosis,
-1 4.69 6.6 51.8 14.1 24.6 anisocytosis,
hypochromia
-3 3.9 8.4 75.4 21.5 14.3 Hypochromia

-11 4.55 10.9 80.9 24 13.4 Normal

We have also measured the quantitative determination of G6PD in RBC using Randox G6PDH assay.
The enzymatic activity is determined by measuring the change in absorbance rate at 340 nm due to
NADP reduction using RX Daytona analyzer. The diagnostic lab performing the assay has a standard of
testing subjects and control samples in parallel. In case of positive deficiency results, the test is

repeated twice for the same samples for result confirmation.

Table 22: Hb electrophoresis and G6PD deficiency blood test results.

None of these individuals require transfusion.

Sample G6PD value Hemoglobin A Hemoglobin A; Hemoglobin F
116-408 mU/10° (a2B2) (262) (a2y2)
RBC 95.8-98 % 2-3.3% 0-0.9 %
1-19 163 91.7 6.7 1.6

I-2 1 93.6 6.4 0
I-3 240 95.3 4.7 0
-1 4 96.3 3.7 0
-3 1 97.6 2.4 0
I-11 1 97.6 2.4 0
1-12 NA 98 2 0
I-13 NA 97.8 2.2 0
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Hemoglobin electrophoresis for 1I-19, I-2, I-3, and I-1 showed a mild increase in HbA2 with associated
microcytosis, suggesting the presence of beta thalassemia trait. Though neither I-2 nor 1I-19 have any
detected HBB mutation. As for II-3, 11-11, [I-12, and 11-13 the levels of all hemoglobin types were normal.
The Hb electrophoresis result for the father (I-2) corresponds with having children affected with beta
thalassemia major by compound heterozygosity, but both I-2 (the father) and 1I-19 had no beta
thalassemia pathogenic variants in their WES results (Table 22). It is clear that there must be another
causative mutation in family B. As for the G6PD activity test, 1I-19 and 1I-3 had normal levels while the
results for samples I-2, 1I-3, II-11, and I-1 was less than 2.5 % of normal enzyme activity which
corresponds with having a pathogenic variant that caused a severe deficiency in the enzyme activity

(Table 22).

Our investigation has sought single nucleotide polymorphisms or small deletions/insertions. The
identification of structural changes is constrained by WES due to its low sensitivity. The technological
limitations of WES suggest that even if it can detect some copy number variations, such as indels and
duplications, it is likely missing others. In 2020, Burdick and colleagues were studying exome
sequencing and its limitations in diagnosing disease by using participants from the Undiagnosed
Disease Network. In their study, they found that whole exome sequencing they were able to diagnose
67% of the cases, while the variations missed by WES (33%) required further approaches to identify
and/or validate their functional consequences. According to these findings, The functional impact of
the variations overlooked by exome sequencing required several approaches to discover and validate.
nondiagnostic preliminaries should be taken into consideration following testing for elusive variations

(Burdick et al., 2020).

As a result of their sequence-based construction, some genomic areas cannot be analyzed effectively
using WES. Large insertion/deletions, copy number variants, and repeat expansions are examples of

the sorts of genomic abnormalities that WES cannot identify (Shakiba & Keramatipour, 2018).

There are other genetic modulators that have a direct role in the beta globin chains imbalance
(mentioned in chapter 1). Many published studies have discussed and correlated the increase severity
in beta thalassemia heterozygotes with the increase of alpha globin chain production from alpha
thalassemia gene triplication which develops during meiosis when homologous regions in the -globin
gene cluster are misaligned and undergo an inefficient crossover. The alpha triplication is thought to
have a significant role in the phenotypic severity of heterozygous/ homozygous beta thalassemia,

making the disease even more severe by further destabilizing the globin chain balance (Farashi et al.,
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2015). In 2022, Ropero and colleagues have conducted a retrospective study in Spain that involved 73
patients with alpha thalassemia triplication (or quadruplication) and beta thalassemia. They analyzed
the hematological and phenotypic characteristics of the Spanish population with thalassemia
intermedia to see how the increase in alpha genes among individuals with a single mutation in a beta
globin locus affects the disease. They concluded that several variables contribute to the thalassemia
intermedia phenotype, one of which is the severity degree of the beta thalassemia mutation (type and
location) that ranges from mild reduction in beta globin chain production to diminished beta globin
chain production (absent), and the elevation in alpha globin chains production that results in the
increased balance of alpha and beta chain (Ropero et al., 2022). Triplication of the alpha globin gene
has been reported in numerous studies to aggravate beta thalassemia symptoms in certain individuals,
however this is not universally accepted because the projected worsening of anemia has not happened
in all patients (Luo et al., 2021). In a contradicting study that compared hematological parameters and
phenotypical changes in a cohort of 4005 with beta thalassemia trait, 455 sickle cell carriers, and 2000
healthy individuals and discovered that triplication of alpha thalassemia frequencies were 1.67%,
0.88%, and 0.9% respectively. They found that none of the blood indices changed noticeably in healthy
people or those who carried the sickle cell or beta thalassemia trait due to this mutation and concluded

that alpha thalassemia triplication does not increase the severity of anemia (Hamid et al., 2021).

With conflicting conclusions and debatable findings, nevertheless, our next step was to perform MLPA
alpha thalassemia testing to rule out deletions or duplications in alpha thalassemia that might have an
impact on the severity of our cases. For the MLPA reaction, EK20-FAM by MRC Holland was used.
Coffalyser.Net (free analysis software developed by MRC-Holland) was used for data analysis as it
ensures quality requirements are met by performing control fragment checks automatically through
MLPA probe mixes (that contain quality control fragments). Coffalyser.Net only interprets data that
meets the quality control requirements. For copy number calculation, relative probe signals from each
undigested reaction were compared between reference samples and a test sample to allow for the
calculation of the relative changes in probe signals in order to determine the relative copy number of
the target sequences (Figure 71)(Figure 72)(Figure 73). Negative controls were used, while positive

controls of alpha duplications (triplicated and quadruplicated alpha globin gene) were not available.
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Figure 71: MILPA reaction result of sample 11-9 (transfusion dependent female) indicating heterozygous
deletion.

A score ratio of 1 indicates no change in copy number compared to reference sample. On the other
hand, a score of 0.5 indicates a heterozygous deletion while a score of 1.5 indicates a heterozygous
duplication. The blue boxes represent the 95% confidence interval of a probe over the reference
samples. The colored dots are the calculated probe ratio. The error bars surrounding the dots represent
a 95% confidence interval estimate for each probe in a sample. The red and blue lines display lower
arbitrary border and upper arbitrary border respectively. These borders are +/- 0.3 from the average
value of a probe over the reference sample. The black dot indicates no change in probe copy number
because the 95% confidence interval estimates (the error bars) of the probe overlap with the 95%
confidence intervals of the same probes over the reference sample. The purple dot indicates a
decreased signals of more than two standard deviations compared to the reference samples, but the
lower arbitrary border has not been crossed. The pink dot indicates an increased signals of more than
two standard deviations compared to the reference samples, but the upper arbitrary border has not
been crossed. The red dots indicate a decreased signals of more than two standard deviations
compared to the reference samples and the lower arbitrary border has been crossed. The red dot far
down in the ratio chart with one error bar indicates no signal found. Source: Coffalyser.Net reference
manual vO1.
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D [nt] Gene-Exon Chr.band hg18 loc. Height Area Ratio Stdev [REF] Width d[nt] [Mut details]
463 POLR3K-3 16p13.3  16-000.037150 3213 25960 098 009 = 70 011 -
178 HBA-HS40-— 16p13.3 16000103540 11542 69171 1.01 018 = 57 001 -
382  HBA-HS40- 16p13.3  16-000.103700 1663 12494 105 005 = 43 002 -
364 HBZ region-up 6p13.3 -000.133650 3334 24329 103 005 = 59 01 -
e HBZ region-up 6p13.3 -000.139350 3780 27113 0.91 025 = 69 05 -
43E HBZ- 6p13.3 -000.142610 1839 14793 092 014 = 62 AT -
292 HBZP1 region- 16p13.3  16-000.145480 7035 48339 082 006 = 66 004 -
184 HBM region-up 6p13.3 -000.157290 7621 44482 095 012 = 36 02 -
391 HBA2-up 6p13.3 -000.159810 2568 8880 091 007 48 06 -
373 HBA2-up 6p13.3 -000.160330 1965 4217 0.5 0.03 <<* 46 .05 -
147 HBAZ-up 6p13.3 -000.161960 6743 40450 037 0.02 <<* 43 04 -
328 HBAZ-up 16p13.3  16-000.162200 2493 178656 079  0.04 << 51 011 -
220 HBA1&2-1 6p13.3 -000.166660 4833 31361 047 002 <<* 69 .05 -
214 HBA1&2-1 6p13.3 -000.162940 3893 24512 0.52 0.03 <<* 45 01 -
160 HBAZ-intr 2 6p133 -000.163380 0 0 0 0 <™ 0 00 -
244 HBAZ-intr2 16p13.3  16-000.163440 0 0 0 0 <™ 0 000 -
172 HBA1&2-3 16p13.3 16000163500 7556 46807 0.52 0.06 << 46 001 -
190 HBAT-up 6p13.3 -000.164100 0 0 1] 0 << 0 00 -
202 HBA1-up 6p13.3 -000.164620 5225 31136 057 014 <* 38 03 -
256 HBAT-up 6p133 -000.165170 1942 13185 0.43 003 <<* 42 06 -
337 HBA1-up 16p13.3  16-000.165740 1760 12940 0.35 0.02 <<* 58 005 -
226 HBAT-up 16p13.3  16-000.166030 0 0 0 0 <™ 0 000 -
165 HBAT-intr.2 6p13.3 -000.163380 10510 66188 096 0.1 = 53 06 -
250 HBA1-intr.2 6p13.3 -000.163440 341 24112 0586 0.0 = 48 08 -
154  HBAT-down 6p13.3 -000.167590 11014 66849 088 022 = 73 02 -
283 HBA1l-down 16p13.3  16-000.167900 4417 28977 082 007 = 57 001 -
310 HBA1-down 16p13.3  16-000.169760 3284 22653 0485 008 = a7 002 -
400 HBQ1-3 6p13.3 -000.171180 2423 18953 078 0.04 << 53 .05 -
277 LUCTLS 6p13.3 -000.196320 7399 49421 093 006 = 63 .05 -
445 TFG3-intr 01 6p13.3 -000.229870 3126 25662 089 0.0 = 74 07 -
472 RGS11-10 16p13.3 16000261770 1657 13811 083 006 = 48 000 -
418 AXINT-11 16p13.3  16-000.278120 2864 22422 088 009 = 51 004 -
262 DECR2-4 16p13.3 16000397540 9580 62226 084 014 = 55 352 -
136 HBA2 CS-3 (MU 16p13.3  16-000.163580 0 0 0 0 <<** 0 000 Cs
238 Reference 01g41 01-213.880620 12094 77829 103 006 = 70 003 -
481 Reference 02933.1  02-199.896820 4435 37160 1.01 0.07r = [ 000 -
408 Reference 03929 03-194.895230 6168 48582 05 005 = 101 01 -
269  Reference 05p152 05-009.490910 9994 65747 105 007 = 57 03 -
130 Reference 05g31.1 05-132.037620 13836 81227 019 = 44 .03 -
142 Reference 08p23.1  08-011.650010 18895 115489 08% 006 = 69 07 -
196 Reference 10g26.3  10-131.447470 11238 69922 089 008 = 65 002 -
355 Reference 19222 11-101.726180 8109 56191 101 005 = 72 04 -
208 Reference 2p13.31 12-005.971300 13241 81852 006 = 57 02 -
300  Reference 3q14.3  13-051.409750 4142 27603 006 = 65 01 -
454 Reference 15g26.3 15-097.300070 2765 22070 098 007 = 52 01T -
Median value all probe values: 4428 30056 0.9 0.06 57 0.04

Figure 72: A table that shows genomic locations of probe values for sample 11-10 from MLPA reaction.

= indicates no change in copy number. << indicates a decrease of more than two standard deviations
compared to the reference samples has been calculated. <<* indicates a decrease of more than two
standard deviations compared to the reference samples has been calculated with the lower arbitrary
border has been crossed (heterozygous deletion). <<** indicate that no signal has been found. The
Constant Spring probe does not give a signal unless the sample contains the point mutation. Source:

Coffalyser.Net reference manual v02.
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Figure 73: MILPA probes mapped on alpha globin cluster.

The arrows indicate the probe positions while the boxes are the genes. The black oval shape represents
the telomeric region. The black box represents the position of alpha thalassemia deletion (-3.7). The

mapped probes adapted from the MLPA kit provider.
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By analyzing the MLPA results as shown below (Figure 74), it is evident that the family are carriers of
the alpha globin 3.7 kb deletion (-*>’a) either in a heterozygous ~3’a2/ala2 (I-2, 1I-9, 11-16, I-1, 1I-19, II-
11, 1I-10 and 1I-17) or homozygous ~3’a2/~ 37a2 (Il-14, 1-3, 1I-15, and 1I-3) state. This alpha globin
deletion has the highest prevalence in Saudi population (Al Asoom et al., 2020) (Borgio et al., 2018)

which makes it common to be also present with beta globin variation.
Status U U U A A A A U A U U A

Piobe rmber Gene Muration detsis 1-2Father -3Mother B I-1Mather & 11-17 11-14 (=3 16 (=] [X] =] =] I-10
chri 37132 37152 19236-L25316 POLR3K. 0.65<*  0.62<t 059<<® (.53t 0.55<<*  0A44<<*  0BG<*  D.52<<* 0.8
chrig 103528 103548[04799-L04797 meamzae [ [ T T T T T1 1 Josger  p4mecs 0.62<" .67 101
chri6 103685 103705 04800-L04175 HBA-HE20 1625 182> 157>+ 17155 105
chri6 133637 133657 04026-L23886 HB2 region THAI << 06642 0.64<cr 131> 103
envls 139336 139356 04622104001 HBZ region FiL THAI 0.52¢* 0.662 0612 0.89<* 0.20¢c*  048¢r 0.5<* 043¢ 091
chrlf 142592 142612 17214-SPO457-L20489 HBZ HBZ MED FIL THAI 065<*  063<* 059 0.53¢<* 0.69<* 066<* 082
chrif 145467 149487 04624-L04004 HBZP1 regios 205 BRIT MED FIL THAI 0.68<<* DAg<ct  DGe<t 0.6¢<* 081
chri6 157274 157294 04637-L04018 HBM region 205 BRIT MED FIL SEA THAI 0.49¢<*  0.55¢<* 0.5<<* 0.53<<* 0.68<*  D.62<* 095
chri6 156798 158818 18097-L22521 HBAZ 5 %2 BRIT MED FIL SEA THAI 0.66¢<* 0.62¢<* 091
chri6 160313 160333 18080-L0B41S HBAZ 5 52 BRIT MED FIL SEA  THAI 3 0542 0.64<<* 0.5¢<*
chrlf 161951 161971 18098-L22522 HBAZ 582 BRIT MED FIL SEA THAI 0.18<< 0.66<<*  0.2d<<*  015¢<" 053« 0.374<>
chrl6 162190 162210 18092-L22516 HBAZ 205 :-1‘2 HBAIBRIT MED FIL SEA THAI 0.69<<* < < 0.79¢<
chrl6 162921 162941 18881-L0G2BS HBA&Z 205 32 HBAIBRIT MED FIL SEA THAIST  D43e D52¢<*  0.58<<°  0.37<<"  0.63<<" 041<<*
chri6 163361 163362 08498-L0B422 HBAZ 205 42 HBAIBRIT MED FIL SEA THAI'3.7  06<<® 061" 0F5<<t << 0.52¢<*
chri6 163427 163447 04633-L23748 HBAZ 205 32 HBABRIT MED FIL SEA THAIR7  0.3<" 039 <<t Q4% <<t
chri6 163484 163504 15857-L21812 HBA1E2 205 42 HBAIBRIT MED FIL SEA THAIZ7  0.33<c 04150 K<t DAT<<* <<
chrif 164084 164104 18086-L22520 HBAL 205 42 BRIT MED FIL SEA THAI'ST 033 0.37<<°  0.28<<”  0.58<° 0.52¢<~
chrlf 164602 164622 1B8B0-L24428 HBAL :20,5 :42, BRIT MED FIL SEA THAI :3.1 0.28<< 0.36<<"  Ox<mt 0,34 O<x==
chrlf 165160 165180 08494-L0B417 HBAL 205 22 BRIT MED FIL SEA THAIST 025" 031" 03¢t 0.57<" 0.57<*
chrlf 165728 165748 14855-L23604 HBAL 20522 BRIT MED FIL SEA THAIST 028" 0.3<<* 049t 03T 043¢
chri6 166018 166038 18093-L22517 HBAL 205 BRIT MED FIL SEA THAI'Z7  §.28<<” 0.31s<*  0.35<<* (.33t 0.35¢<*
chri6 166644 166664 18099-L22524 HBA1E2 7205  HBAIBRIT MED FIL SEA THAIT  029<cr 0.35<  Oestt D37e<t et
chri6 167166 167186 08498-L21607 HBAL HBAIBRIT MED FIL SEA THAI 0.33¢c"  0.3<<* 0.41cc  D.44sct 096
chri6 167237 167257 04633-L23600 HBAL HBAIBRIT MED FIL SEA  THAI 15> 098
chrl6 167572 167592 08499-L23594 HBAL HBAIBRIT MED FIL SEA  THAI 0.4<" 0.38<° 0647 0.44<" 0.6<" 061<  0.63< 0.65? 0.88
€nrl6 167890 167910 04638-L23602 HBAL HBAIBRIT MED FIL SEA THAI 0.69<* 0.68¢” 154 0.7¢<” 133" 082
¢hrl6 165744 163764 04633-L0S020 HBAL BRIT MED FIL SEA THAI 0.86<€" 0.66<" 085
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Figure 74: MLPA mapping sheet for comparison with common deletions that cause alpha thalassemia.

Samples found with heterozygous deletion =’a2/ala2 are highlighted in bright yellow, while samples
found with homozygous deletion >’a2/3’a2 are highlighted in bright blue. U indicates unaffected
individual while A indicates affected (transfusion-dependent) individual.

We have updated our pedigree to include the alpha globin gene deletion (Figure 75).

G6PD: ¢.653C>T Homozygous

HBB: ¢.92+5G>C Heterozygous G6PD: c.653C>T Hemizygous HBB: ¢.27dupG Heterozygous
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Figure 75: Pedigree of a family with beta-thalassemia major phenotype showing pathogenic variants
in three genes, HBB, G6PD, and alpha globin gene.
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The deletion of the alpha-gene has also been linked to a reduction in the severity of beta-thalassemia
and sickle cell anemia and improvement of their hematological conditions (Hassan; et al., 2014). In
Saudi Arabia, research into the inheritance patterns of HBA1 and HBA2 gene variants, as well as HBB
gene variants, in the Saudi population has been conducted. Patients with transfusion-dependent beta-
thalassemia major in the Eastern Province of Saudi Arabia were found to co-inherit 12 distinct alpha-
globin gene variants, as reported by Akthar et al. Among these 12 co-inherited alpha-globin gene
variants, the -3.7 deletion was shown to be the most common and patients were reported to have
decreased incidence of osteoporosis and splenectomy (Akhtar et al., 2013). We must keep in mind that
the degree of alpha/non alpha globin chain imbalance is the primary pathophysiological predictor of
the severity of the beta-thalassemia syndromes in order to comprehend the clinical-molecular
linkages. As a result, the clinical picture may improve if the alpha/beta chain imbalance is reduced by
any available factors. Therefore, the coinheritance of homozygous beta-thalassemia with an alpha-
thalassemia determinant that lowers alpha chain production leads to moderate beta-thalassemia by
lowering the alpha/beta chain imbalance. The clinical phenotype of homozygous beta thalassemia can
be improved by the deletion of a single alpha globin gene, on the other hand, in B° thalassemia, two

alpha globin gene deletions may be required (Cao & Galanello, 2010).

Moreover, to further investigate any large deletions or insertions (copy number variations) that may
possibly have affect on the phenotype, we performed an Affymetrix HD Cytoscan array. To reduce the
cost and save time, we began with sample I-2 (the father) since we were investigating what variation

did he pass on to his affected children (Figure 76)(Table 23).
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Figure 76: Chromosomal image of sample |-2 from microarray.

The blue boundary indicates the Y chromosome. Red and blue marks indicate genomic loss and gain
respectively.
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Table 23: Copy number variation (CNV) results of sample I-2 from microarray.

CNVs

File CNState Type  Chromosome Cytoband Start Size (kbp) Size (kbp) MarkerCount Gene Count Genes

Father 3 Gain 14 g32.33 707531 707531 244 8 MIR4539, MIR4507, MIR4538, MIR4537, KIAAD125, ADAM, LINC00226, LINC00221
Father 3 Gain 22 gll22 452,643 452643 244 7 INF280B, ZNF280A, PRAME, LL22NC03-63E9.3, POM121L1P, GGTLC2, MIRGS0
Father 0 loss 8 pll22 158454 158454 79 2 ADAMS, ADAM3A

Father 3 Gain 16 g22.1 108411 108411 76 5 FAMOGB, CES2, CES3, CES4A, CBFB

Father 1 loss 4 g13.2 106.075 106075 52 1 UGT2B15

Copy number variations are duplications, deletions, and other types of genomic rearrangements that
result in the acquisition or loss of genetic material (Shaikh, 2017). By checking all the genes found in
each gain or loss and their involvement with anemia and red blood cells, we have found a recent
published paper that describes overexpression of KIAA0125 (also known as FAM30A) gene, which is
located on chromosome 14, and its involvement with acute myeloid leukemia and myelodysplastic
syndromes (Hung et al., 2021; Wang; et al., 2021). Other than that, no significant large deletions were
found in father (I-2).

Our next step was to explore every possibility and include the analysis of all kinds of variations found

within the beta globin cluster.

It could be proposed that synonymous mutations that do not afffect promoters, enhancers or splicing
might alter the expression of genes in humans, as has been reported in some prokaryotic systems. In
our cohort, four patients (11-14, 11-15, 11-16, and 1I-17 ) from family B with the heterozygous pathogenic
frameshift variant, have also inherited the synonymus HBB variant (c.9T>C, rs713040) in a
heterozygous state. The patient II-10 from family A did not inherit the synonymus variant. This variant
is present in other members of the family including the mother A I-1 (heterozygous) which was the
only one with mild symptoms, while the father I-2 (Heterozyous), mother B I-3 (homozygous), II-19
(heterozygous), 11-20 (heterozygous), II-3 (homozygous), II-11 (homozygous),lI-12 (homozygous), 1I-13
(homozygous) have no related symptoms. This synonymus variant is reported in clinvar as a benign
variant. In 2020, Sabiha and collegues have studied a family with a similar genotype to ours where
several members had compound heterozygous mutation of rs713040 (either in a homozygous or
heterozygous state) with the frameshift mutation rs35699606. All members were healthy except for
the son that had inherited the rs35699606 variant in a homozygous state. They have concluded that
manifestation of beta-thalassemia phenotype occurs only with the inheritance of rs35699606 variant

in a homozygous state and that the synonymous variant did not contribute in the clinical manifestation
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of the disease (Sabiha et al., 2020). However, as far as we are aware, such examples of disease causing

synonymus variants do not exist.

The beginning of translation is a crucial step in protein synthesis that is typically controlled at the
molecular level. Both cis-regulatory elements in the 5’ and 3’ untranslated regions and trans-acting
factors are involved in this regulation. Failure of this control system can cause cellular metabolic
disruption and related pathologies. The translation rate of mRNAs is greatly affected by their UTRs'
structure. Mutations in the cis-regulatory regions of the UTRs might affect the translation and hence
the expression of certain genes. Variations of this kind have the potential to tip the physiological scales
toward pathological conditions (Chatterjee & Pal, 2009). Many 5’ and 3’ UTRs variations in the HBB
gene have been reported that are linked to beta-thalassemia minor, intermedia, and major (Thein,
2018). Since we are investigating the father’s contribution in the disease severity of his affected
children, going back to the father’s WES data, investigation of the beta globin cluster did not yield any

5’ nor 3’ UTR variations.

Alternatively, the more we learn and better understand the structure and function of promoters, the
more whole-genome sequencing is becoming valuable and useful because it can reveal non-coding
mutations that may be responsible for the interference of transcriptional factor occupancy sites and
cis-regulatory regions. For genetic illnesses where pseudogenes or heavily duplicated sequences are
present, long-read WGS will be useful for mapping large scale variations (third generation sequencing).
Interpreting variants from non-coding regions from research to potential future diagnosis and
treatment requires a deeper understanding of how transcription factors and cis-regulatory elements
impact and drive the highly regulated processes of erythroid development. Several hematological
illnesses have been linked to mutations that interfere with transcription factor binding regions. Severe
pyruvate deficiency has been correlated to mutations in GATA1 motif binding site of the PKLR gene
promoter region upstream from the initiation codon (Manco et al., 2000). Also, reduced BCL11A
expression and increased fetal hemoglobin have both been linked to motif-disrupting variants in the
enhancer of BCL11A, a crucial regulator of fetal Hb levels revealed by genome-wide association studies

(Bauer et al., 2013).

Pseudogenes, a term coined by Jacq et al, initially identified using single-gene cloning, are sequences
of genes in the genome that are closely similar to the coding gene sequence but are not ordinarily
expressed (Jacq et al., 1977). Pseudogenes originate from real genes but have had their open reading
frames (ORF) modified in some way during the course of evolution, maybe by introducing frameshift

or nonsense mutations, rendering them incapable of encoding proteins with the intended function
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because there is no selective pressure to maintain their open reading frames (Magrinelli & Lohmann,
2022). They can be found in nearly every genome. Approximately 15,000 pseudogenes have been
identified in the human genome so far, according to the reference annotation project GENCODE (v39).
Short-read NGS-based evaluations might be complicated by the significant sequence similarity of
parental genes, in which mutations can contribute to human illness and the non-coding pseudogene(s).
Pseudogenes were considered "junk DNA" for a long time. However, many pseudogenes are translated
into RNA, and several have been found to serve crucial roles in the gene control of their parent genes.
Pseudogene transcripts may lower the amount of miRNA in a cell or generate small interfering RNA,
which means that oncogene activity may be regulated by pseudogenes (Tutar, 2012) (Tutar et al., 2018)
(Carron et al., 2022). In a recent study, Maurer and colleagues have identified copy number variations
in ADGRL3 and 2 pseudogenes in a juvenile patient diagnosed with autism and ADHD (Maurer et al.,

2022).

As for beta globin cluster, it consists of five functional genes and a single pseudogene HBBP1
designated psi-betal (B1) between gamma and delta globin genes. This pseudogene predates recent
gene duplication demonstrated by comparative sequencing analyses. It has shown to be old and
conserved in the same position as humans throughout all great ape species (Harris et al., 1984).
Multiple patches of epigenetic evidence indicating functionally active chromatin overlap two key
regulatory regions including active transcription factor binding sites in the HBBP1 locus (Tomkins,
2013). In 2012, Giannopoulou and her group correlated a single nucleotide variation in the HBBP1,
rs2071348 (g.5264146A>C), with a milder disease phenotype of beta thalassemia. They were studying
the association of the HBBP1 variation with the beta thalassemia disease severity by comparing groups
of patients that share the same ethnic background (Asian) with beta thalassemia major, intermedia,
mild, and normal samples and found that this variation is associated with milder phenotype and high

levels of fetal hemoglobin.

This finding suggests that there is a possibility that this region has a regulatory function in the
expression of the y-globin gene and that it might, as a result, be connected with the severity of B-
thalassemia disease (Giannopoulou et al., 2012). In a recent study, using genome wide analysis of
human pseudogenes coupled with expression network analysis and functional assays to study the beta
globin pseudogene HBBP1 in depth, Yanni Ma and colleagues have demonstrated that the pseudogene
has tissue-specific expression in the bone marrow. In addition, they have found that an important
regulator of erythropoiesis, TAL1 (T cell acute lymphocytic leukemia 1), is upregulated in part by HBBP1

competitively binding to the RNA-binding protein (RBP) HNRNPA1l (RNA-heterogeneous nuclear
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ribonucleoprotein Al) which demonstrates HBBP1 essentiality in the process of erythropoeisis. Also,
when HBBP1 and TAL1 interact, individuals with beta-thalassemia experience less severe symptoms
(Ma et al., 2021). Since HBBP1 has been associated with HbF elevation, Shuang-Ping Ma et al wanted
to study the mechanism underlying HBBP1 association with the increase in fetal hemoglobin
production by using bioinformatic analysis tools. First, they found that HBBP1 is important in gamma-
globin synthesis, and then they provisionally verified this discovery in K562 cells. Overexpression of
HBBP1in HUDEP-2 cells led to elevated gamma-globin expression at both the mRNA and protein levels.
Their second discovery was that ELK1, a transcription factor, binds to the proximal promoter of HBBP1.
This binding greatly enhances the activity of the HBBP1 promoter (Ma; et al., 2021). These were
interesting findings that made us look back at our WES results. Again, we looked at the father’s

sequence result, which turned out that it lacks any variants in the HBBP1 pseudogene.

Furthermore, the beta globin locus control region, which is a very important region that plays a crucial
role in beta globin expression and development was not covered in the whole exome sequencing
because it is a non coding region (deep intergenic) that spans for about 30 kb upstream of the beta
globin genes. For that reason, we have decided to perform whole genome sequencing to explore this
vast location for any possible variants that may cause the increase of disease severity. Sine WGS is not
available in our laboratory, two samples, I-2 and lI-14, have been sent out for WGS. Again,

disappointingly, no reported pathogenic variants were found in the LCR of beta gene.

Deletions, insertions, splice-site modifications, frameshifts, and nonsense alterations may be easily
predicted and tested. However, it is far more challenging to identify predisposing or protective genes
since their influence on the phenotype is generally small and can be found in a variety of genomic
regions including the coding sequence, the 5' and 3' untranslated regions, introns, and even binding
regions of transcription factors or control elements that are many kilobases distant from the actual

gene. Rare benign variations cannot be easily distinguished from subtle mutations.

6.3 Analysis of whole exome sequencing data

6.3.1 First scenario

Our first scenario was to filter out the variants by following the mode of inheritance as autosomal
recessive considering the allele state of homozygous variant alleles (Alfares, 2018). Starting with
affected members of family B, using chromosomal locations, we have used Venn diagrams to show the

ovelapped shared variants between affected individuals (lI-14, 1I-15, 1I-16, and [I-17) that are in a
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homozygous state, then exclude the variants that are shared with unaffected controls (lI-19 and I1-20),
and finally to find overlapped variants between the shared affected and the parents (I-2 and I-3), where
the variants of the parents are in a heterozygous state (Figure 77). In case we found a disease-causing
autosomal recessive variant, we can go back to 1I-19 and check if he has it in a heterozygous state to

correlate with his Hb electrophoresis result (as a carrier).

The same filtration criterea was applied to family A.
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Figure 77: Filtered nucleotide variants from exome data, based on chromosomal positions, which
showed autosomal recessive inheritance model of homozygous state in non-consanguineous
thalassemia disease family B.

As for family B, after variants filtration in the autosomal recessive disease scenario, we were looking
for rare variants, therefore, we checked the minor allele frequency for each variation and excluded all

variants with MAF > 0.02. This scenario yielded no candidate genes for family B.
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As for family A, the filtration yielded two candidate genes RGS12 and CEP290 (Table 24).

Table 24: List of two rare nucleotide variants from exome data which showed autosomal recessive
inheritance model in family (A).

Position Protein Molecular 1000
Gene | Chr# Rs# HGVS gnomad ClinVar
(GRCh37) change consequence genomes
Not
RGS12 4 3429844 |rs138418915 | c.3359C>T | p.Pro1120Leu Missense 0.001 0.0032
reported
Not
CEP290 | 12 | 88472996 | rs61941020 |c.5237G>A | p.Argl746GIn Missense 0.01 0.01
reported

RGS12 (Regulators of G Protein Signaling) gene comprises five functional domain that has potential
roles as both a transcriptional repressor and a guanosine triphosphatase (GTPase) activator. Signal
transduction inhibition of G-coupled receptor proteins is achieved by converting Ga subunits into their
inactive GDP-bound form as a result of increasing the hydrolysis of GTPase activity (Schroer et al.,
2019). This gene is reported to be involved in osteoclastogenesis (Ng et al., 2019), pathogenesis of
inflammatory arthritis (Yuan et al., 2020), osteoarthritis (Yuan et al., 2022), and regulation of myoblast

proliferation and differentiation (Schroer et al., 2019).

CEP290 is a gene that encodes a ciliogenesis and centrosomal protein that localizes in actively dividing
cells. This gene has been associated with Leber congenital amaurosis, a disease characterized with
severe retinal dystrophy that may lead to blindess in infants (den Hollander et al., 2006), Joubert
syndrome, a neurological disease (Sayer et al., 2006) (Abdelgadir et al., 2019), defects in Sonic
Hedgehog machinery due to disruption of primary cilium (Kilander et al., 2018), and the embryonically

fatal Meckel syndrome which is characterized with multisystem fibrosis (Peng et al., 2022).

Our investigation of these genes led to their exclusion as candidate genes for being functionally

unrelated to our phenotype.
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6.3.2 Second scenario

The second scenario was to filter out the variants by following the mode of inheritance as autosomal
recessive considering the allele state of compound heterozygosity. Starting with family B, we have put
together all the heterozygous variants shared between the affected siblings (11-14, 1I-15, 1I-16, and II-
17) and excluded the ones shared with their unaffected siblings (11-19 and 1I-20). Then crossed the
results with heterozygous variants from the father (I-2) and the mother (I-3), then check the compound
heterozygous variants of the affected that are found on the same gene (different position on each
allele) Figure 78. The same filtration criteria were applied to family A and resulted in the identification

of different genes.

-17 -16 Shared variants 11-20

Father I-3 Mother I-3

Shared variants
(affected)

Figure 78: Filtered nucleotide variants from exome data, based on chromosomal positions, which
showed autosomal recessive inheritance model of compound heterozygosity in non-consanguineous
thalassemia disease family B.
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As for the gene list of compound heterozygous variants in family B, three genes have been found which
are ZNF215, C11orf16, and DUX4L4 (Table 25).
Table 25: Filtered nucleotide variants from exome data, based on chromosomal positions, which

showed autosomal recessive inheritance model of compound heterozygosity in non-consanguineous
thalassemia disease family B.

Position
Gene Chromosome (GRCh37) HGVS Info Rs#
6976988
c.780A>T rs2239731
(Father)
11 expressed in
ZNF215 6977175
c.967G>C the testis rs2239730
(mother)
8947586
€.628G>C chromosome rs11042127
(Father)
11 open
11 8942942
Cllorfl6e c.1325G>A | reading frame rs2653601
8947283
€.931C>G 16 rs3751066
(Mother)
191003045
g.873G>A rs797032630
191003298
c.1209G>A rs797038082
(Father)
DUX4L4 4 191003081 Pseudogene
€.992G>C rs782249755
191003118
c.1029G>A rs376224108
191003123
c.1034C>G rs782484580
(mother)

ZNF215 is a zinc finger transcription factor imprinted in a tissue-specific manner predominantly
expressed in the testis. Genomic imprinting refers to the phenomenon in which an individual expresses
just one copy of a gene (inherited from either parent) while the other copy is silenced. Genomic
imprinting does not modify the underlying DNA sequence. Instead, epigenetic insertion of chemical
tags to the DNA during egg or sperm development silences its gene expression. ZNF215 has been found
to be associated to impaired spermatogenesis that is caused idiopathically or due to isolated
(nonsyndromic) cryptorchidism as a biological cause of male factor infertility (Gianotten et al., 2003)
(Massart & Saggese, 2010). It has been also associated with Beckwith-Wiedemann syndrome which is
characterized mainly with overgrowth as children and possible hemihyperplasia (Alders et al., 2000).

Additionally, upregulation of ZNF215 was observed in patients with cytogenetically abnormal-acute
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myeloid leukemia and patients with CA-AML who lose imprinting at the ZNF215 locus tend to have a

poor five-year survival rate (Yang et al., 2021).

Cllorf16 (Chromosome 11 Open Reading Frame 16), is a gene with low expression in most tissues.
Cllorf16 may have a role in tumor suppression since its predicted protein shares 19.61% sequence

similarity with p53-binding protein, another tumor suppressor (extracted from swiss-model data).

DUX4L4 (Double Homeobox 4 Like 4) is a pseudogene that is located in the subtelomeric region of
chromosome 4q. While RT-PCR and in vitro expression tests suggest that a telomeric paralog of this
gene is transcribed in some haplotypes where an algorithm generated description predicted that it has
a role in transcription regulation, there is no evidence for transcription of the gene at this location

(extracted from alliance of genome resources).

As for the gene list of compound heterozygous variants in family A, only one gene have been found
which is MUC4 (Table 26).
Table 26: Filtered nucleotide variants from exome data, based on chromosomal positions, which

showed autosomal recessive inheritance model of compound heterozygosity in non-consanguineous
thalassemia disease family A.

Position
Gene Chromosome HGVS Info Rs#
(GRCh37)
195510022
c.8429C>T G|ycoprotein5 rs201092610
195512510
c.5941C>A that protect rs552200694
MUC4 3 (Father)
epithelial
195506258 c.12193C>A rs11929196
surfaces
195515435 c.3016G>A rs199540819

MUC4 is a member of different types of glycoproteins called mucins that are produced by different
types of epithelial cells. Secreted or membrane-associated glycoproteins (viscous secretion), these
molecules are thought to be crucial to the protection, differentiation, renewal, and function of
epithelial surfaces (Debailleul et al., 1998) (Moniaux et al., 2000). In Chinese population, variants in
MUC4 have been associated with lung cancer risk (Zhang et al., 2013). Inhibition of apoptosis and
stimulation of proliferation in epithelial and cancer cells are the results of CDKN1B down-regulation
caused by the development of a MUC4 ligand-receptor complex with ErbB2. MUC4 has a critical role

in promoting cancer progression and tumor development through its anti-adhesive properties and
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inhibition of apoptosis rather than proliferation (Carraway et al., 2002) (Karg et al., 2006) (Gao et al.,
2021).

Our investigation of these genes led to their exclusion as candidate genes for being functionally

unrelated to our phenotype.

6.3.3 Third scenario

The clinical phenotype of the patients being investigated is used to filter WES data using a virtual gene
panel consisting of clinically relevant genes (Neveling et al., 2013). This raises the likelihood of
detecting disease-causing variations in the WES data by narrowing the focus of the analysis to just

relevant candidate genes.

First, based on chromosomal positions, an average of ~47000-48000 variants were detected in each
exome. Filtration criteria of these variants included sequence variants that are exonic, non-coding
UTRs, known promoter regions, and splice sites with the exclusion of intergenic and intronic variants.
Then, filtering based on minor allele frequency (MAF< 0.05) has resulted in approximately 2100
variants per exome. By flitering out nonsynonymus variants, we ended up with total filtered variants

of about 1100-1200 (Figure 79)(Table 27).

—
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Figure 79: Variants filtration criteria.
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Table 27: Filtering criteria for variants.

‘Coding’ indicates variants in coding regions such as missense, frameshifts, indels, and also UTRs and
splice sites were included. ‘Novel’ indicates variants that are unknown or extremely rare (MAF =
<0.05%). ‘Filtered variants’ are the total filtered variants with exclusion of synonymous variants.
‘Homozygous’ are the variants found in homozygous state in total filtered variants. ‘Heterozygous’ are
the variants found in heterozygous state in total filtered variants.

Family Novel Filtered Homozygous
Family Status Total | Coding Heterozygote
member (MAF) variants state

-2 A/B Unaffected | 47445 | 7260 2147 1210 130 1080
-3 B Unaffected | 43124 | 6479 2066 1040 100 940
11-20 B Unaffected | 46641 | 7198 2000 1107 97 1010
11-14 B Affected | 47665 | 7189 2200 1255 133 1122
11-17 B Affected | 47394 | 7236 1987 1163 139 1024
11-15 B Affected | 48255 | 7398 2187 1170 110 1060
11-16 B Affected | 48564 | 7245 2180 1159 101 1058
11-19 B Unaffected | 47741 | 6980 1983 1150 102 948
-1 A Unaffected | 45457 | 5986 1845 1087 89 999
11-10 A Affected | 47268 | 7190 2140 1184 128 1056
11-11 A Unaffected | 45404 | 7100 2090 1205 112 1093
11-12 A Unaffected | 45677 | 5890 1960 1139 100 1039
11-13 A Unaffected | 45301 | 5890 1897 1155 106 1049
-3 A Unaffected | 46663 | 6700 1899 1164 111 1053

After that, we have generated a gene list to include genes that have been reported to be involved in
one way or another in hereditary anemia disorders. Generating gene panels to investigate inherited
hemolytic anemia disorder have been previously employed (Agarwal et al., 2016) (Roy et al., 2016).
Our list was assembled by looking into literature and several gene panels that are used by clinical
laboratories to test for anemia related disorders. This list included, ABCB7, ABCG5, ABCG8, ADA, ADA2,
ADAMTS13, ADH5, AK1, ALAS2, ALDOA, AMN, ANK, ANK1, ATRX, BCL11A, BLM, BRCA2, BPGM, BRIP1,
C150RF41, CD59, CDAN1, CDIN1, CYB5A, CYB5R3, COL4A1, CUBN, DKC1, DHFR, DNAJC21, DNASE2,

Page | 194



EFL1, EBP41, EBP42, ENO1, ERCC4, ERFE, FANCA, FANCB, FANCC, FANCD2, FANCE, FANCF, FANCG,
FANCI, FANCM, FANCL, FTCD, G6PD, GATA1, GCLC, GIF, GLUT1, GLRX5, GPC, GPI, GSR, GPX1, GSS, GYPC,
HEATR3, HK1, HSCB, HSPA9, HMOX1, KCNN4, KIF23, KLF1, LARS2, LPIN2, MTR, MTRR, NDUFB11,
NHLRC2, NHP2, NT5C3A, NRF1, PALB2, PC, PDHA1, PDHX, PIEZO1, PFK, PFKM, PGK1, PKLR, PUSI1,
RAD51C, REN, RHAG, RPL11, RPL15, RPL18, RPL27, RPL31, RPL35A, RPL5, RPS10, RPS17, RPS19, RPS24,
RPS26, RPS27, RPS28, RPS29, RPS7, SBDS, SEC23B, SLC19A1, SLC11A2, SLC19A2, SLC25A38, SLC4A1,
SLC2A1, SF3B, SLX4, STEAP3, SPTA1, SPTB, SRP54, TCN2, TF, THBD, TMPRSS6, TRNT1, TSR2, TPI1, UMPS,
UGTI1A1, VPS4A, XK, YARS2. The advantages of using gene panels as a filtration search scenario include
shorter turnaround times, easier data processing, more coverage in the regions of interest, and fewer

incidental results (Wooderchak-Donahue et al., 2012) (Sun et al., 2015) (Kim et al., 2017).

The search through this gene list did not yield any direct known reported pathogenic variants (in a
heterozygous state) that is shared between the father and all his affected children. Nevertheless, a
reported pathogenic variant on SBDS (Shwachman-Bodian-Diamond syndrome) gene was found to be
shared between the father and three of his affected children, 11-15, II-16, and 1l-17 and one unaffected
[1-20 from family B, and absent from all other family members (affected and unaffected). SBDS encodes
a conserved protein that is involved in the facilitating of ribosome assembly by removing elF6, which
inhibits the interaction between the ribosome’s large and small subunits. Mutations in SBDS has been
associated with aplastic anemia and Shwachman-Diamond syndrome (and has more than 80 identified
variants), an autosomal recessive disorder that is predominantly characterized by hematological
abnormality, increased risk in developing hematological malignancies, and pancreatic exocrine
insufficiency (Kuijpers et al., 2005) (Boocock et al., 2003) (Wong et al., 2010). Ninety percent of
individuals with Shwachman-Bodian-Diamond syndrome have a chromosomal 7 SBDS gene mutation.
Though typically seen in younger age groups, aquired bone marrow failure or aplastic anemia can
manifest at any age. The hematologic abnormalities in people with this syndrome are presented with
thrombocytopenia which may present with life-threatening bleeding. Also, up to 80% of patients have
macrocytic or normocytic anemia (Farooqui et al., 2023) (Taha et al., 2022). During times of rapid cell
division, telomeres lengthen to safeguard the ends of chromosomes and prevent cellular senescence.
Granulocyte telomeres were found to shorten abnormally in SBDS heterozygous individuals. (Thornley
et al., 2002). Shortening of leukocyte telomeres via a telomerase-independent process appears to be

a mechanism by which SBDS deficiency contributes to bone marrow failure (Calado et al., 2007).
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The identified stop gained variation in our samples is a well studied variant that produces a truncated

protein product due to translation interruption by the insertion of two nucleotides which created a

premature stop codon (Table 28)(Nelson & Myers, 2018) (Wu et al., 2022) (Spangenberg et al., 2022).

Table 28: Pathogenic variant found in a heterozygous state shared between the father and two of the
affected children.

Gene | Chromosome | Position (GRCh37) HGVS Rs#t Protein M
change consequence

. rs .
SBDS 7 66459273..66459274 | c.183_184delinsCT 120074160 p.Lys62Ter | Stop gained

In addition, we have identified a novel variant (unknown significance) in the FANCC gene (Table 29) in

a heterozygous state that is shared between the father and 1I-14, 1I-15, 1I-16, 1I-17, 1I-19, 1I-20, 1I-11, II-

12, and 1I-13 and absent from I-1, I-3, 1I-3, and 1I-10. This variant was confirmed using Sanger

sequencing (Figure 80).

Table 29: Pathogenic variant found in a heterozygous state shared between the father and all
affected individuals of family B.

. Protein Molecular
Gene | Chromosome | Position (GRCh37) HGVS Rs#
change consequence
1457631500 .
FANCC 9 97912300 C.591C>A rs p.Asp197Glu | Missense
C>A Novel
A BT T B g B

FANCC: wild type

il

FANCC: c.591G>T
Heterozygous

Figure 80: Sanger validation of FANCC variant.
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A. Variant is not present in I-1 (mother of family A) B. Heterozygous variant in sample 1I-14.

FANCC (Fanconi anemia complementation group C) gene encodes a protein that potentially serves as
a cell cycle checkpoint, delays DNA damage-induced apoptosis and stimulates homologous
recombination repair preserving chromosomal integrity (the Fanconi anemia pathway) (Pang et al.,
2001). Genomic instability is a hallmark of Fanconi anemia, which is caused by mutations in up to 22
Fanconi anemia genes and characterized by predisposition to tumor formation, bone marrow failure,
and hematological abnormalities of all three blood cell lines (red blood cells, white blood cells, and
platelets) (Bhandari et al., 2023). When DNA replication is blocked as a result of DNA damage, the FA
(Fanconi anemia) pathway is activated. Interstrand cross-links (ICLs) are a specific form of DNA damage
that elicits a response from the FA pathway. ICLs are caused by the aberrant attachment or linking of
two nucleotides on opposing strands of DNA, which prevents DNA replication from proceeding
normally. Mutations in this gene may lead to reduced or absent protein production, which lead to
chromosomal breakage and impaired DNA repair and disruption of Fanconi anemia pathway which
result in Fanconi anemia. When DNA replication is halted by the ICLs, it leads to either aberrant cell
death from a failure to produce new DNA molecules or unchecked cell expansion and cancer
predisposition from a failure of DNA repair mechanisms. Rapidly dividing cells, such those in bone
marrow or a fetus, are especially vulnerable. Impairment of these cells causes the abnormally low
number of blood cells of Fanconi anemia. Leukemia and other malignancies can arise when DNA
damage accumulates and causes uncontrolled cell growth (Youssoufian, 1996) (Joenje & Patel, 2001)
(Wang & Gautier, 2010) (Ceccaldi et al., 2016) (Liu et al., 2020). FANCC is a member of the Fanconi
anemia core complex. Following its association with damaged chromatin, the FA core complex initiates
the Fanconi anemia pathway by monoubiquitylating the heterodimer FANCI-FANCD2 (ID2) through
UBE2T (FANCT). Upon activation, monoubiquitylated ID2 binds with the ICL to stimulate crosslink
repair via subsequent effector proteins (Schubert et al., 2022). Mutations in FANCC may also enhance
proapoptotic kinase (PKR) binding to FANCC and PKR activation (represses translation upon activation),
ultimately resulting in growth suppression of hematopoietic progenitors and bone marrow failure

(Zhang et al., 2004) (Liu et al., 2020).
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6.3.3.1In-silico investigation of FANCC variant effect

3D model generation

The mutant model (E197) of FANCC was successfully developed using the ModWeb web server. The
experimental crystal structure of FANCC (PDB ID: 7kzp, Chain A) was selected as a template to build
the mutant model. ModWeb generated the mutant model of FANCC based on the highest MPQS and
sequence identity. The best model was selected based on the DOPE score of -250 Kcal/mol, which is a
measure of the model's structural quality. The negative DOPE score indicates a good-quality model
with low energy. Overall, the results suggest that the mutant model of FANCC developed using

ModWeb is reliable and can be used for further analysis.
Dynamut Analysis

Based on the results obtained from the Dynamut server, it appears that the FANCC mutation of Asp197
to Glul97 is predicted to be stabilizing, with a AAG of 0.932 kcal/mol (Figure 81). This suggests that
the mutant protein may be more stable than the wild-type protein. However, it's important to note
that other structure-based predictions suggest that the mutation may be destabilizing, with a AAG
mCSM of -0.848 kcal/mol and a AAG SDM of 1.130 kcal/mol. Additionally, the NMA-based prediction
using ENCoM suggests a small destabilization with a AAG of 0.282 kcal/mol. Furthermore, the
vibrational entropy analysis shows that there is a decrease in molecule flexibility with a AASVib ENCoM
of -0.352 kcal.mol-1.K-1. The fluctuation map also shows that flexible nature of mutant protein model

compared to wildtype structure.

The wild-type FANCC (Asp197) is found to form ionic interactions with several amino acids, including
Leul99, Leu224, Thr194, Leu234, and Glu201. However, with the FANCC mutation (Glu197), the
number of amino acids involved in ionic interactions reduces to only three, namely Thr194, Leu234,
and Glu201. These results suggest that the mutation may have a stabilizing effect on the protein model,
possibly due to the changes in the ionic interactions formed. Taken together, these results suggest that
the impact of the mutation on protein stability is complex and may depend on other factors such as
the specific conformation and context of the protein. Further MD simulation validation may be
necessary to fully understand the effects of the Asp197 to Glu197 mutation on the protein's stability

and function.
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Figure 81: A. The mutant FANCC A vibrational entropy energy can be visually represented by coloring
the amino acids based on the vibrational entropy change caused by the mutation.

Amino acids colored in blue indicate a rigidification of the structure, while those in red suggest a gain
in flexibility. B. The wild-type and mutant sequences were extracted from their respective 3D structures
and aligned to create an ensemble of normal mode data. The graph displays the results of the normal
mode analysis for each sequence. C-D wild and mutatant residues ioinic interactions in FANCC.

MD Analysis

Molecular Dynamics (MD) simulations are a powerful tool used to study the behavior and dynamics of
proteins over time. They provide information about the movement of atoms, the stability and flexibility
of the protein structure, and the fluctuations in its conformation. In this study, MD simulations were
carried out for both the wildtype and mutant forms of FANCC, a protein associated with Fanconi
anemia. The simulations were conducted for a duration of 100 nanoseconds, during which the protein
structures were allowed to evolve dynamically. RMSD (Root Mean Square Deviation) and RMSF (Root
Mean Square Fluctuation) were calculated for both the wildtype and mutant forms of FANCC to
compare their structural stability and fluctuations. The RMSD plot shows that the average RMSD of the
wildtype FANCC protein is 3.88A, while that of the mutant form is 10.96A. This indicates that the

mutant protein is more structurally unstable and undergoes larger structural changes compared to the
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wildtype protein. Additionally, the RMSF plot shows that the wildtype protein exhibits less fluctuation
in the region from AA 158 to 196 and from AA 479 to 497 when compared to the mutant form. This
suggests that these regions may be important for maintaining the stability of the protein structure and
may be affected by the E197 mutation (Figure 82). Overall, these results provide valuable insights into

the structural dynamics of FANCC and the impact of the E197 mutation on its stability and fluctuations.
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Figure 82: A-D RMSD and RMSF of FANCC wild and mutant models MD simulation for 100 ns.

The Desmond MD analysis was conducted to evaluate the secondary structure elements (SSE)
contributing to the overall protein stability. The results showed that most of the proteins maintained
an average of around 51.63% SSE, primarily composed of helices rather than strands and loops, except
for the Asp197Glu mutation. Upon further investigation, it was revealed that the mutant exhibited a
lower SSE percentage (30.46%) due to the conversion of residues present at positions 120 from strands

to loops in comparison to the wild type (Figure 83).
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Figure 83: SSE components of wild and mutant models for 100ns MD simulation period.
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This conversion resulted in the loss of SSE elements, which potentially led to damage to the protein's

overall stability and conformational status (Figure 84).

GLU-197

Mutant

Wildtype
ASP-197

Mutant Wildtype ASP-197
GLU-197
M ons [ 1000ns

Figure 84: Structural conformation of wild and mutant FANCC protein structure in between 1ns to
100ns C. Mutant residues localization during simulation period.

This analysis provides valuable insights into the structural dynamics of FANCC and the impact of the
E197 mutation on its stability and fluctuations. The results indicate that the mutant model is reliable
and that the E197 mutation may have a stabilizing effect on the protein's structure, possibly due to
changes in the ionic interactions formed. However, the impact of the mutation on protein stability is
complex and may depend on other factors such as the specific conformation and context of the
protein. MD simulations revealed that the mutant protein is more structurally unstable and undergoes
larger structural changes compared to the wildtype protein. The loss of SSE elements in the mutant
protein may also have led to damage to the protein's overall stability and conformational status.
Therefore, the results suggest that further validation using more advanced MD simulation techniques,
as well as experimental studies, may be necessary to fully understand the effects of the Asp197 to
Glu197 mutation on the protein's stability and function. Moreover, the results obtained from different

computational tools showed some discrepancies, which indicate that multiple computational methods
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should be employed to obtain a more comprehensive understanding of the impact of mutations on
protein stability. Overall, this analysis highlights the importance of computational approaches in
predicting the effects of mutations on protein structure and stability, but it also emphasizes the need

for further experimental validation.

6.3.4 Fourth scenario

Investigation of complex diseases is currently prioritized as a means of discovering highly penetrant
variants. In our case, we decided to adapt an option that was proposed by Peterson and colleagues
that suggested sequencing large families with several afflicted members in order to reduce the number
of candidate variations in the dataset to only those that are present in all of the affected people

(Petersen et al., 2017).

Failure of our three previous scenarios to explain the severity observed in our affected patients has
led to to a fourth scenario. Our fourth scenario was based on the fact that the father has to contribute
a major thalassemia contributory allele to roughly half of his children of both sexes (and that cannot
be G6PD) in the form of an allele of one specific gene. We sought to identify candidate genes with a
heterozygous variant in the father, because he is just a carrier, shared by all the affected that is
combined with either of the HBB severe variants results in an increased severity of hemolytic anemia

(compound heterozygosity state coming from different genes).

First, we needed to make a list of heterozygous variants that are shared by the father (I-2), and all the
affected children (lI-10, 1I-14, 11-15, 1I-16, 11-17). Then, we had to exclude these variants from both
mothers (I-1 and I-3). As for the rest of the unaffected siblings, if they do carry the father’s allele, they
would have the same genotype as the father (carrier state). Therefore, looking back at the hb
electrophoresis results, which indicated that 11-19 is a carrier, while II-3, 1I-11, 1I-12, and [I-13 are
normal, and since 1I-19 does not have the HBB variant, then we can assume that he has inherited the
heterozygous pathogenic allele from his father. We decided to further narrow our list of candidate
genes by including 1I-19 in the filteration to be added with the shared variants of the affected and
father. Additionally, we will exclude II-3, lI-11, 1I-12, and 1I-13 with I-1 and I-3. [I-20 will be disregarded
from the filtration since we do not know wheather she is normal or a carrier (we do not know her

hematological status) (Figure 85).
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Figure 85: Filtered nucleotide variants from exome data, based on chromosomal positions, which
showed shared heterozygous variants exclusively between the father, all the affected individuals, and

Sharev_l ;ri_ants

I-12

6973

1-19. Both mothers, 1I-11, 1I-12, 1I-13, and II-3 were excluded.

After filteration, we ended up with 69 variant positions that belong to 44 different genes. To further

narrow our list of candidate genes, we excluded all common variants (MAF>0.02) and we ended up

with 10 candidate genes (Table 30).

Table 30: Gene list of filtered nucleotide variants from exome data, based on chromosomal positions,

representing scenario 4.

Gene | chrt | (ham | R A9 hange | conseauente
ASCL1 12 103352047 | rs2136784885 c.25A>G p.Ser9Gly Missense
SBF2 11 9861208 rs117957652 €.3292C>G p.Leu1098Val Missense
TALDO1 11 763486 rs140985565 c.604G>A p.Asp202Asn Missense
OR5P3 11 7846682 rs200018758 c.838G>A p.Val280Met Missense
OR52B2 11 6191100 rs199830120 c.457C>T p.Argl53* Stop gained
OR5212 11 4608908 rs138302486 c.866T>A p.lle289Asn Missense
IFITM10 11 1769085 rs190833491 €.349C>T p.Argll7Trp Missense
UNC13B 9 35403767 rs142697917 c.4513C>T p.Pro1505Ser Missense
SMC5 9 72893539 rs141003657 c.676G>A p.Glu226Lys Missense
HLA-C 6 31239114 rs1071649 c.355C>A p.Leull9lle Missense
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6.3.4.1 Investigation of candidate genes

As for the gene list of heterozygous variants shared exclusively between the father, his affected
children, and 1I-19, a list of 10 candidate variants was created. We started by looking into functionally
related genes in an attempt to narrow the list and find variants that may have contributed in elevating

the severity level of the cases.

ASCL1 (Achaete-scute homolog 1 gene) encodes basic-helix-loop-helix transcription factors that are
associated with the differentiation, commitment, and activation of neuronal pathways (Soares et al.,
2022). Glioblastoma (malignant brain tumor) stem cells' transcriptional subgroup affiliation is
controlled by the proneural gene ASCL1, which does so by directly suppressing the mesenchymal gene
NDRG1 (Narayanan et al., 2019) (Vue et al., 2020). It has been also demonstrated to have a
dedifferentiation role in mammalian Muller glia, a retinal neurodegenerative disease (Stanchfield et
al., 2020). Also, ASCL1 was found to be overexpressed in cases with chronic lymphocytic anemia (Malli

et al., 2018).

SBF2, also known as MTMR13, encodes a member of the myotubularin-related protein family, is
expressed in cytoplasm and nucleus of most tissues and regulates phosphatase activity. This gene has
been associated with neuropathy and neurodegenerative diseases. Mutations in SBF2 genes have been
related to Charcot-Marie-Tooth Disease, a neuromuscular disorder with early onset of glaucoma
(Lassuthova et al., 2018). Also, Abuzenadah and colleagues have associated this gene with severe
congenital thrombocytopenia (decreased levels of platelets) by uncovering a homozygous mutation

using WES data of an affected child and his father (Abuzenadah et al., 2013).

TALDO1, which is found on chromosome 11, encodes an enzyme that plays an important role in the
pentose phosphate pathway (PPP) to produce ribose-5-phosphate, which is used in producing purine
and pyrimidine precursors required in nucliec acid synthesis, and NADPH, which is used in lipid
biosynthesis. Pentose phosphate pathway is located in the cytosol, and is a side-step from glycolysis
with no ATP being created or destroyed along this pathway. However, if the organism only needs
ribose 5-phosphate and not NADPH, then the non-oxidative phase of the pentose phosphate pathway
may be used to produce 3 molecules of ribose 5-phosphate from 2 molecules of fructose 6-phosphate
and 1 molecule of glyceraldehyde 3-phosphate. Conversely, if the cell needs NADPH but not ribose 5-

phosphate (like a red blood cell or the liver after a high-carbohydrate meal), the oxidative and non-

Page | 204



oxidative parts can be combined to convert a molecule of G-6-P into 12 molecules of NADPH, 6

molecules of carbon dioxide, and a phosphate (Bender & Mayes, 2018).

Producing erythrose-4-phosphate, which is a prerequisite for the synthesis of aromatic amino acids
such as tryptophan, phenylalanine, and tyrosine, is one of the functions of this pathway as well. In
addition, it helps in the protection of cellular integrity from reactive oxygen radicals (Banki et al., 1997).
Red blood cells rely heavily on the pentose phosphate pathway to withstand oxidative stress and other
types of damage. Hemolysis can be prevented due to NADPH (produced from NADP-), which inhibits
redox processes that generate significant amounts of reactive oxygen species (ROS) by scavenging the

-SH groups in hemoglobin.

TALDO1 mutations have been associated with risk of hepatocellular carcinoma (Grammatikopoulos et
al., 2022). Mutations in TALDO1 causes transaldolase deficiency which is an inborn error of pentose
metabolism presented with hepatosplenomegaly, anemia, thromocytopenia, and liver dysfunction
(Banne et al., 2016) (Tylki-Szymanska et al., 2009) (Tylki-Szymanska & Stradomska, 2011)
(Valayannopoulos et al., 2006). Transaldolase deficiency is a rare autosomal recessive disease that was
first described in 2001 by Verhoeven et al in a patient with liver disease (Verhoeven et al., 2001). In a
retrospective study that involved 34 patients with transaldolase deficiency, anemia was seen in about
75% of the patients of both early and late onset of the disease (Williams et al., 2019). Moreover, a case
report of a fetus with a prenatal diagnosis of transoldolase deficiency was manifested with

hepatosplenomegaly and hemolytic anemia among other clinical features (Xue et al., 2022).

OR5P3, OR52B2, and OR52I1 are all genes that encode olfactory (odorant) receptors located on
chromosome 11. Olfactory receptors in the nose engage in a chemical reaction with odorant
molecules, which in turn activates a neural response that results in the experience of smelling. The
olfactory receptor gene superfamily is the largest in the human genome with about 800 OR identified
genes localized in different chromosomal loci but only roughly 400 are intact, and between any two
individuals, there will be a 30% difference in how their OR alleles function (Malnic et al., 2004) (Olender
et al., 2008) (Li et al., 2022). Mutations in olfactory genes would alter odor perception (Keller et al.,
2007). In 2010, a genome wide association studies of 848 blacks with sickle cell anemia, conducted by
Solovieff and colleagues have suggested that olfactory gene cluster may have a role in the regulation
of fetal hemoglobin (2a-2y) levels by regulating the expression of gamma globin gene. They suggest
that the chromatin structure of the beta-globin cluster might be modified by polymorphisms in the

olfactory receptor region (OR51B5 and OR51B6) located upstream of the beta globin cluster, hence
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affecting HbF levels which may play a role in the severity of the disease. They validated their most
significant SNPs by testing them on subjects with heterozygous beta thalassemia or HbE (Solovieff et
al., 2010). In 2011, Ziffle, Yang, and Chehab studied patients with the homozygous 118 kb beta globin
deletion that causes beta thalassemia (due to the deletion). This deletion extends to include four
functional olfactory receptor genes (OR52Z1, OR52A1, OR52A5, and OR52A4). Since OR52A1 has been
discovered to include a gamma globin enhancer, which allows for the constant expression of the fetal
gamma globin genes, they speculated that the loss of the gamma globin enhancer element contributes
to the anemia severity in beta thalassemia patients who are homozygous for the 118 kb deletion (Van

Ziffle et al., 2011).

IFITM10 (Interferon Induced Transmembrane Protein 10) gene has been associated with the

modulating of innate immunological and inflammatory responses to viruses (Aizaz et al., 2023).

UNC13B (unc 13 homolgue B) gene encodes muncl13-2 protein, which is a presynaptic protein that is
highly expressed in the cerebral cortex of the brain and is thought to influence neuronal excitability by
priming and fusing synaptic vesicles. In a recent study, mutations in UNC13B have been found in twelve
people with partial epilepsy and/or febrile seizures from eight different families with focused seizures
and focused discharges in EEG recordings, however the patients ultimately had no signs of intellectual
or developmental delay (Wang et al., 2021). Additionally, this gene is increased by hyperglycemia and
is expressed in the cortical epithelial cells of the kidney. A correlation between polymorphisms in the
UNC13B gene and the risk of developing diabetic kidney disease in a Chinese Han population with type
2 diabetes have been demonstrated by Wange et al in 2019. They found a strong correlation between
having the haplotype GGCCG and an increased chance of developing the disease (Wang et al., 2019).
UNC13B, was reported to have elevated mRNA expression in patients with T-cell acute lymphoblastic
leukemia (Wang et al., 2022). In 2020, Edemir demonstrated that there is a predictive relevance in
knowing whether or not a given tumor expresses organic anion or cation transporters, and he
identified the expression of UNC13B (anion transporter) with favourable prognotic outcome (Edemir,

2020).

SMC5 (Structural maintenance of chromosomes protein 5) gene is a family of ubiquitous ring-shaped
proteins that include cohesins, condensins, and smc5/6 complex. They are predicted to be involved in
repair of homologous recombination of double strand DNA breaks, ATP binding activity, chromatin
folding in interphase, genome stability, structural maintenance of chromosomes, and involved in

immunity by preventing episomal DNA transcription (Venegas et al., 2020) (Diaz & Pecinka, 2018)
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(Decorsiére et al., 2016). Mutations in components of smc5/6 complex causes neurodevelopmental
abnormalities and anemia (Atkins et al., 2020) (Grange et al., 2022). Furthermore, Rossi and colleagues
have suggested in 2020 that the smc5/6 complex supports DNA repair and genome stability by working
in tandem with the Fanconi anemia pathway, and variations in the smc5/6 complex may exhibit as
Fanconi anemia related diseases (Rossi et al., 2020). The DNA replication machinery frequently
encounters RNA-DNA hybrids as a natural obstacle. Accumulation of RNA-DNA hybrids causes
replication stress, DNA damage, and disruption of genomic integrity when RNase H enzymes are
absent. In the absence of RNase H enzymes, Lafuente-Barquero et al. showed that Mph1, the yeast
homolog of Fanconi anemia protein M (FANCM), is essential for cell survival. The buildup of RNA-DNA
hybrids and RNA-DNA hybrid-dependent DNA damage, as measured by Rad52 foci, requires the Mph1
helicase domain to remain intact. When RNA-DNA hybrids build up, Mph1 condenses into foci. The
Smc5/6 complex is required to control the activity of Mph1 at hybrids. This is supported by the finding
that the buildup of hazardous recombination intermediates causes Mphl-dependent synthetic

lethality upon simultaneous silencing of RNase H2 and Smc5/6 (Lafuente-Barquero et al., 2017).

HLA-C (Human leukocyte antigen c) gene is expressed in almost all cell types and belongs to the class |
major histocompatibility complex. It plays an important role in adaptive and innate immunity, anti-
viralimmunity and reproduction, and protection against cancer and tumorigenesis (Castro et al., 2019).
Bone marrow and kidney transplant recipients are regularly typed for polymorphisms that may be
found in exons 2 and 3 of HLA-C gene for its implication in allograft rejection. The major
histocompatibility complex can bind and recognize unlimited types of endogenous and exogenous
antigens. HLA-C have been shown to correlate with many types of autoimmune disease such as
rheumatoid arthritis and Crohn’s disease (Siegel et al., 2019). Many research groups have investigated
the involvement of HLA class | mutations in acquired aplastic anemia and demonstrated that certain
HLA class | alleles (specifically HLA-A and HLA-B) enhance the chance for clonal complications and the
severity of the disease was presented in an age-dependent manner (Babushok et al., 2017) (Olson et

al., 2022).
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6.4 Functional- related Candidate genes selection

In the scenario of compound heterozygosity between different genes, many genes in the generated
list have been ruled out for being functionally unrelated. The remaining genes are SMC5 and TALDO1
(Table 31)(Figure 86)(Figure 87).

Table 31: Two functionally related gene candidates from the scenario of compound heterozygosity
between different genes.

Position Aggregate 1000 ClinVar
Gene | Chr# Rs# allele genome | GhomAD clinical
(GRCh37) s
frequency x30 significance
SMC5 9 72893539 | rs141003657 0.0001 0.0006 0.0001 Not
reported

TALDOL | 11 | 763486 | rs140985565 | 0.0001 | 0.0002 | 0.0001 | Lneertain
significance
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Figure 86: SMC5 protein 3D structure with zoomed in residue position 226 (Glu).

Source: UniProtKB reviewed (Swiss-Prot) (Q81Y18).
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Figure 87: TALDO1 protein 3D structure with zoomed in Asp residue in position 202 (PDB ID: 1f05).

Sanger validation (Figure 88)(Figure 89)

IIIII|||..é|I|||||II||
A A A A CAGTCT C A G GTACTTTAA

C.676G>A
Wild type

Figure 88: Sanger validation of TALDO1 variant.
Variant is not present in I-1 (mother of family A) on the left. Heterozygous variant in father’s sample I-

2 on the right.
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Figure 89: Variant is not present in I-1 (mother of family A) on the left. Heterozygous variant in
father’s sample I-2 on the right.

To further investigate these variants, they were screened by diverse systems biology approaches, such
as gene expression, genotype-phenotype correlations in knock-out mouse models, and pathway
enrichment analysis. Sequence and structure based approaches were both adopted to predict the
impact of deleterious missense variations in the human SMC5 and TALDO1 genes on the protein's
structure and function using various computational modeling and in-silico analysis (Hossain et al.,

2020).

6.4.1 Pathway analysis

_.

Figure 90: Transaldolase and metabolic stability along the pentose-phosphate pathway.

The rectangular shapes represent proteins, while oval shapes represent molecule/chemical. Blue lines
indicate upregulation, red lines indicate downregulation, and dashes indicate binding.

In the pentose phosphate pathway, TALDO1 which encodes the enzyme Transaldolase upregulates and
downregulates the quantity of a number of molecules involved in the pathway by chemical reactions
(Figure 90), while NFE2L2 (nuclear factor (erythroid-derived 2)-like 2), also called NRF2, is a
transcription factor that binds to TALDO1 to upregulate its expression (Cano et al., 2021) (Wu et al.,
2011). NFE2p45 is the founding member of NRF2. The transcription factor NFE2p45 was initially
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discovered to bind to the NFE2 element, which is part of the erythroid gene regulatory network.
Researchers have discovered that human Nrf2 is a transcription factor that interacts with the beta

globin gene's regulatory region (Kasai et al., 2018).

On the other hand, the SMC5/6 complex of structural maintenance of chromosomes is an important
component in DPC (DNA-protein cross-links) repair; this complex has been preserved throughout
evolution. DPCs are proteins that are covalently bonded to chromosomal DNA, and they are extremely
harmful DNA lesions. DPCs, if left unrepaired, create a physical barrier that prevents DNA replication
and transcription from occurring (Dvorak Tomastikova et al., 2023). Smc5/6 is a crucial complex that
protects the integrity of homologous recombination and is activated in response to replication stress
(Etheridge et al., 2021). With the use of single-molecule imaging and force manipulation, Tanasie et al.
studied how the Smc5/6 interacted with structures resembling fork junctions, which are involved in
DNA replication and repair. Smc5/6 is shown to recognize replication stress or DNA lesions by targeting
and stabilizing these DNA substrates (Tanasie et al.,, 2022). Crabben and colleagues report a
chromosomal breakage condition linked to severe pulmonary illness in infancy has been discovered.
There was evidence of mixed T and B cell immunodeficiency in the lungs of four infants from two
unrelated families who died of viral pneumonia. These infants died at early age after developing
bonemarrow failure and increased suceptibility to infection. NSMCE3 (also known as NDNL2), encoding
a member of the SMC5/6 complex was shown to have homozygous missense mutations by whole

exome sequencing (van der Crabben et al., 2016).

6.4.2 Gene expression

TALDO1 SMC5

1000 A
300 140
800 20
600
80
400 -
300 |
Blood Bone marrow Liwer Slood ane Mar row Spleen

Spleen

Figure 91: (A&B) Ensembl based transcriptomics expression data of different genes across different
tissues and organs.

Tissues include spleen, liver, bone marrow, and blood. Transcription levels are in FPKM (fragments per
kilobase of exon model per million mapped reads) and TPM (transcripts per million). Transcription scale:
low (0-10), medium (11-1000), and high (>1000).
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The Ensembl (https://www.ensembl.org/index.html) database was used to determine the expression
status of potential candidate genes across different tissues (blood, bonemarrow, spleen, and liver).
From the output, we selected only the expression data of query genes that have shown the significant
expression (TPM of >40). Both genes show medium level of expression in all selected tissues, except

for TALDO1 which showed high expression in bonemarrow (Figure 91).
6.4.3 Expression conservation in primate tissues

Although data on SMC5 and TALDO1 expression in bone marrow and spleen were not available for
comparison, expression of these two genes was found conserved in both whole blood and liver tissues

(Table 32) (Thierry-Mieg & Thierry-Mieg, 2006).

Table 32: Expression/ conservation of Taldo1 and SMC5 in primate tissues.

TALDO1 Gene expression in 15 primates, 16 tissues, from the NHPRTR project in sFPKM
HUM  CHP PT™M JMI RMI RMC CMM  CMC BAB SMY MST SOM owlL
Cerebellum 63.5 53.2 6 40.3 61.1 61.1 30.6 57.1 12.4 Expression
Brain 53.2 0.3 9.7 R70.2 17.6 quantiles
Pituitary 70.2 5.3 40.7 0.2 70.2 None
Orvary Weak
Testis 1
Kidney 2
Liver 53.2 3
Heart 4
SkeletalMuscle 3 52
Lung B0.7 ¥
Colon 32.8
BoneMarrow il
Spleen
LymphNode
Thymus
WholeBlood
SMCS Gene expression in 15 primates, 16 tissues, from the NHPRTR project in sFPKM
HUM CHP PTM IMI RMC BAB SMY MST S0OM OWlL
Cerebellum : 37.6 1.6 6.3 37.6 Expression
Brain 21.6 W16.4 28.5 Q143 3.2 quantiles
Pituitary 53.2 7.6 46.3  J40.3 None
Ovary Weak
Testis i
Kidney 2
Liver 16.4 3
Heart s
SkeletalMuscle 4.8 5
Lung 46.3 6
Colon 21 7
BoneMarrow 8
Spleen
LymphNode
Thymus
WholeBlood

6.4.4 Knockout mouse model

To understand the phenotypic and functional characteristics of the query genes, we used the Mouse
Genome Informatics database (MGI) (http://www.informatics.jax.org/), which is a comprehensive
resource of different mouse strains- inbred and KO to investigate homozygous knockout of both SMC5

(Table 33)(Figure 92) and TALDO1 (Figure 93).
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SMC5 homozygous knockout in embryonic stem cells causes abnormal mitosis, increased apoptosis

and a shift from pluripotency to differentiation (Blake et al., 2021).

Table 33: Phenotypes associated with SMC5 gene using mouse model (Smc5tmib(KoMPIWtsi)

Phenotype System Zygosity

Preweaning lethality and complete Mortality and aging Homozygous
penetrance

Decreased erythrocytes Hematopoietic Heterozygous
Decreased hematocrit Hematopoietic Heterozygous
decreased circulating glucose level Homeostasis/ metabolism Heterozygous
Decreased circulating bilirubin Homeostasis/ metabolism Heterozygous
Abnormal mitosis Cellular Homozygous

Abnormal cell cycle Decreased erythrocyte Increased circulating bilirubin levels Preweaning lethality and
Abnormal mitosis Decreased hematocrit Decreased circulating glucose levels complete penetrance
Formation of chromosomal bridges Thrombocytopenia

Lagging chromosomes

Mitotic nondisjunction (80%)

Increased cell death (cleavage of Parpl)
Abnormal cell differentiation

Figure 92: Phenotype overview of SMC5 homozygous knockout mouse (Blake et al., 2021).
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Figure 93: Phenotype overview of TALDO1 homozygous knockout mouse.
Phenotypes associated with Taldo1™e"/Taldo1tmPer,
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6.4.5 Damage effect of the variant on the translated protein

6.4.5.1 Protein Modeling

The AlphaFold-generated model of TALDO1 had >90% of residues with pLDDT scores greater than 90,
whereas the model of SMC5 had >90% of residues with pLDDT scores greater than 70. Upon analyzing
the Ramachandran plot for both models, the majority of residues were situated in authorized and
preferred regions, with only a small number in prohibited areas. The ProSA-web analysis showed that
both models had high-quality crystal structures, with Z-scores of -8.39 and -10.91 for TALDO1 and
SMC5, respectively. These results indicate that the AlphaFold algorithm is useful in predicting 3D
protein structures and provides significant insights into their structure-function relationships. The
GMAQE score for the mutant models of both TALDO1 and SMCS5, created using the Swiss Model server,
was 0.61 with a QMEANDisCo Global score of 0.62 (Figure 94).

5]

Psi (degre

800 1000

B0 <135 90 .45 0 45 90 155 150 ] 200 400 800 800 1000
Phi (degrees) Number of residues

Figure 94: SMC5 and TALDO1 protein model, Ramachandranplot and Prosa-Web plots.
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6.4.5.2 Mutation Stability

DynaMut mutation analysis was performed on two proteins, TALDO1 and SMC5. The mutation
Asp202Asn was analyzed, and the results indicated that the mutation was stabilizing with a AAG value
of 0.618 kcal/mol. However, the NMA based prediction using AAG ENCoM showed that the mutation
was destabilizing, with a value of 0.062 kcal/mol. The other structure-based predictions using AAG
mCSM and AAG DUET were also stabilizing, with values of 0.219 kcal/mol and 0.439 kcal/mol,
respectively. Only AAG SDM was destabilizing, with a value of -0.070 kcal/mol. The AASVib ENCoM

indicated a decrease in molecule flexibility, with a value of -0.077 kcal.mol-1.K-1.
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Figure 95: Shows the vibrational entropy change caused by mutations in SMC5 and TALDO1.

The amino acids are color-coded to indicate their contribution to the change in entropy. Normal mode

analysis was performed on wild-type and mutant sequences. The graph shows the results for each

sequence, including the ionic interactions in both proteins.
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The mutation Glu226Lys was analyzed, and the results indicated that the mutation was destabilizing
with a AAG value of -0.260 kcal/mol. The NMA based prediction using AAG ENCoM showed that the
mutation was also destabilizing, with a value of -0.164 kcal/mol. The other structure-based predictions
using AAG mCSM, AAG SDM, and AAG DUET were also destabilizing, with values of -0.263 kcal/mol, -
0.770 kcal/mol, and -0.024 kcal/mol, respectively. The AASVib ENCoM indicated an increase in
molecule flexibility, with a value of 0.205 kcal.mol-1.K-1. Overall, these results suggest that the
mutations in TALDO1 and SMC5 have varying effects on protein stability and molecule flexibility, as
determined by the different methods used in the DynaMut analysis (Figure 95). Further studies are

needed to validate these predictions and investigate the functional implications of these mutations.

6.4.5.3 Molecular dynamics simulations of SMC5 and TALDO1 proteins

A. Wildtype B. Mutant
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Figure 96: MDD analysis plots RMSD, RMSF, SSE of wildtype and mutant model of SMC5
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Figure 97: MDD analysis plots RMSD, RMSF, SSE of Wildtype and mutant model of TALDOL.
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Molecular dynamics simulations were performed on both wild-type and mutant versions of the SMC5
(Figure 96) and TALDO1 (Figure 97) proteins to examine their stability and flexibility. The wild-type
SMC5 model reached equilibrium after 60 ns and remained stable, while the mutant model showed an
increased RMSD and equilibrated at 60 ns. The wild-type model was more flexible than the mutant
model, as shown by the RMSF analysis. The secondary structure elements analysis revealed that the
wild-type model had a higher percentage of helices and strands than the mutant model. The TALDO1
wild-type model fluctuated until 50 ns but stabilized after 60 ns, while the mutant model showed a
decrease in RMSD and equilibrated after 80 ns. The wild-type model was rigid throughout the
simulation, with only the C-terminal showing flexibility, while the mutant model remained rigid with
some regions showing increased flexibility. The secondary structure elements analysis showed that the
wild-type model had a lower percentage of helices and strands than the mutant model.

In summary, the molecular dynamics simulations showed that mutations in SMC5 and TALDO1
proteins can affect their stability and flexibility. The wild-type models were more rigid, however the
mutant variants were flexible. These findings imply that additional investigation is required to

understand the functional consequences of these mutations.

6.4.6 Further in-silico analysis

To further investigate our identified variants, we have decided to use additional different
computational methods such as I-TASSER server and Discovery studio program. I-TASSER is used to
predict 3-dimensional structure of proteins (after predicting their 2-dimensional structure by machine
learning) and their biological functions by using the amino acid sequence of the protein. Iterative
structural assembly simulations and threading alignments are used to produce 3-dimentional models
from a query protein sequence (using similar structures found in the PDB database). Based on these
similarities to known proteins, conclusions about their function can be made (Yang et al., 2015) (Roy
et al., 2010) (Zhang, 2008). The analysis of the binding sites revealed the pockets for each protein and
the nature of the pockets by molecular visualization using the Discovery studio software. The protein
pockets and the amino acids involved in binding can help us make an estimate of how H-bonds,
chemical interactions, hydrophobic/hydrophilic, positively/negatively charged, and what type of

substrate may bind to that specific protein.
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6.4.6.1 SMC5

Gene Mutation

SMGC5 rs141003657

Figure 98: SMIC5 3D structure (UniProt ID: Q81Y18) with its predicted substrate (phosphothiophosphoric
acid-adenylate ester) in A) Wildtype protein, and B) Mutated protein.
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The 3D structure of SMC5 domain (Uniprot ID: Q81Y18) in a complex with the predicted substrate,
phosphothiophosphoric acid-adenylate ester (an analog of ATP), which was predicted by I-TASSER to
be the normal substrate for the wildtype and the mutated showing the difference in the folding
between the normal and the mutated gene, also the position of the active site (Figure 98). SMC5 is a
big protein with 1101 amino acids with several domains and active sites binding to several substrates

(SMC5/6 protein complex). The domain chosen by I-TASSER is the closest to the input variant.

The predicted ligand binding site residues for the wild and the mutated enzymes were at the amino
acid residues: 62,63,82,83,84,85,86,87,88,112,114,115,116,181,1020. The 2D chemical interaction
between SMC5 domain (Uniprot ID: Q8IY18) in a complex with the predicted substrate
phosphothiophosphoric acid-adenylate ester, showing 10 conventional hydrogen bonds at GLU A:
1020, LYS A: 86, SER A: 87, GLN A: 181, ARG A: 106, GLY A: 85, and one carbon-hydrogen bond at GLY
A: 105 in the wildtype protein, while the mutated SMC5 (rs141003657) showed four conventional
hydrogen bonds at LYS A: 86, GLU A: 1020, GLN A: 1023, GLN A: 181, and one carbon-hydrogen bond
at GLU A: 1020. Notably, the number of hydrogen bonds in the wildtype was more than in the mutated
enzyme (Figure 99).
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Figure 99: 2D chemical interaction in A) wildtype, and B) mutated proteins.
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The H-bonds interaction of the docked SMC5 domain (Uniprot ID: Q81Y18) in a complex with the
predicted substrate was compared between the wildtype and mutated proteins. Notably, the
hydrogen acceptor area (in green color) was in the SMC5 domain more than the mutated SMC5

(rs141003657) (Figure 100).

SMCS (wildtype) » || Rs141003657 B

H-Bonds

Donor

Acceptor L

Figure 100: Comparison of hydrogen bonds between the wildtype (A) and the mutated (B) proteins.
Pink color represents a donor while green color represents an acceptor.

In addition, the charges of the docked complexes, in the wildtype and mutated domains with their
predicted substrate were compared. Notably, the charges area in the SMC5 wildtype domain was
positive with slightly negative charges in the edge, while the charges area in the docked mutated SMC5

(rs141003657) was slightly negative and tended to be neutral in most of it (Figure 101).
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Figure 101: Charges of the domain area of the docked complexes in both the wildtype (A) and
mutated (B) with their predicted substrate.

Red color indicates negative charges, while blue color indicates positive charges.
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Moreover, the hydrophobicity of the docked complexes, in the wildtype and mutated domains with
their predicted substrate were compared. Notably, most of the docked SMC5 and the docked mutated

SMCS5 (rs141003657) domain areas were hydrophilic with blue color (Figure 102).

SMCS5 (wildtype) A | | Rs141003657 B

Figure 102: The hydrophobicity of the docked complexes, in the wildtype and mutated domains with
their predicted substrate.

Blue color indicates hydrophilic regions, while brown color indicates hydrophobic regions.

Furthermore, ionizability of the docked complexes, in the wildtype and mutated domains with their
predicted substrate were compared. Notably, the normal SMC5 docked complex was more basic in
most of the interacted area except a little area in the edge (surface) that was acidic. The mutated

ionizability area was acidic more than the normal enzyme (Figure 103).
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Figure 103: lonizability of the docked complexes, in the wildtype and mutated domains with their
predicted substrate.
Blue color indicates basic region, while red color indicates acidic region.
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SAS (solvent accessible surface) interactions of the docked complexes, in the wildtype and mutated
domains with their predicted substrate were compared. Notably, the SAS interactions among the

normal SMC5 docked complex were less than the mutated docked complexes (Figure 104).
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Figure 104: SAS interactions of the docked complexes, in the wildtype and mutated domains with their
predicted substrate.

Green color indicates more SAS interactions, while blue color indicates less interactions.

Hydrogen bonds strengthen molecular connections, which in turn improves a wide range of biological
activities. H-bonds are shown to control molecular interactions via a donor-acceptor pairing process

that decreases water competition.

Each charge within the protein will communicate with the surrounding solvent. When there are more
charges present, those charges interact with one another, but the solvent dampens the intensity of
those interactions. There is a substantial impact of charged particle interactions with solvents and
solvent filtration of charge-charge interactions on the electrostatic energy of proteins. Most of these

protein properties exhibited noticeable change between normal and mutated SMC5.
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6.4.6.2 TALDO1

Gene Mutation

TALDO1 + || rs140985565

Figure 105: The 3-dimentional structure of normal TALDO1 protein vs mutated protein with their
substrate fructose-6-phosphate predicted by I-TASSER.

The 3D structure of TALDO1 chain A domain (PDB ID: 1f05) complex with fructose-6-phosphate (the
1f05 domain did not have any substrate, the fructose-6-phosphate was predicted by I-TASSER to be
the normal substrate). The mutated TALDO1 (rs140985565) 3D structure in complex with its predicted
substrate fructose-6-phosphate, showing a slightly different interactions area from the normal

TALDO1 domain (Figure 105).

The 2D chemical interaction between TALDO1 domain (PDB ID: 1f05) in a complex with fructose-6-
phosphate shows 4 conventional hydrogen bonds at ASN A: 165, LYS A: 142, ASP A: 27, ASN A: 45
residues, and two carbon-hydrogen bonds at SER A: 187, and LYS A: 142. The mutated TALDO1
(rs140985565) 3D structure in complex with its predicted substrate shows 5 conventional hydrogen
bonds at ASP A: 27, THR A: 44, ARG A: 239, ARG A: 192, SER A: 237 residues. Notably, in the mutated

interactions there was one unfavorable doner-doner in the LYS A: 142 residue (Figure 106).
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Figure 106: Comparison of 2D chemical interactions of TALDO1 active site between wildtype and

mutated proteins.

The H-bonds interaction shows the region of the interaction of the docked TALDO1 domain (PDB ID:
1f05) in complex with the fructose-6-phosphate predicted substrate and the docked mutated TALDO1
(rs5030868) 3D structure in complex with its natural substrate fructose-6-phosphate. Notably, the

hydrogen donor area was slightly more in the mutated domain than the normal TALDO1 (Figure 107).
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Figure 107: Hydrogen bonds of the docked complexes, in the wildtype and mutated domains with their

predicted substrate.
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The charges of the docked complexes in the wildtype and mutated domains with their predicted
substrate were compared. Notably, almost all the charges area in the TALDO1 domain was neutral
with slightly negative charges on the edge, while the charges area in the docked mutated TALDO1 were

positive in charges with a little area with negative charges at the end of their edge surface (Figure 108).
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Figure 108: The charges of the docked complexes in the wildtype and mutated domains with their
predicted substrate.
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Figure 109: The hydrophobicity of the docked complexes in the wildtype and mutated domains with
their predicted substrate were compared.
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The hydrophobicity of the docked complexes in the wildtype and mutated domains with their
predicted substrate were compared. Notably, most of the docked TALDO1 domain interactions areas
were hydrophilic, while the docked mutated TALDO1 (rs5030868) interacted area was totally
hydrophilic (Figure 109).

The ionizability of the docked complexes in the wildtype and mutated domains with their predicted
substrate were compared. Notably, the normal TALDO1 docked complex was more neutral inits area’s
surface (with slightly negative and positive charges) rather than the mutated which was basic in most

of its interactions area except a little area with acidic interactions (Figure 110).
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Figure 110: The ionizability of the docked complexes in the wildtype and mutated domains with their
predicted substrate.

SAS interactions of the docked complexes in the wildtype and mutated domains with their predicted
substrate were compared. Notably, the SAS interactions among the normal TALDO1 docked complex

were less than the mutated docked complexes (Figure 111).

TALDO1 (wildtype) rs5030868
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Figure 111: SAS interactions of the docked complexes in the wildtype and mutated domains with their
predicted substrate.
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6.4.7 Identification of deleterious SNPs using online in-silico prediction tools (Table 34).

Table 34: in-silico prediction tools

I-Mutant 2.0 MutPred2
Gene PolyPhen-2 Panther SNPs&GO
(structural stability) (0.5<damaging)

Probably Probably

SMC5 Decreased damaging damaging Neutral 0.213
(0.999) (0.85)
Probably
Benign
TALDO1 Decreased damaging Neutral 0.411
(0.096)
(0.57)

Proteins are organized by the PANTHER software according to their evolutionary history, molecular
activities, and interactions with one another. Position-specific evolutionary conservation scores are
determined by aligning proteins with similar evolutionary histories and are then used to conduct a
substitution analysis (Thomas et al., 2003). PolyPhen-2 uses sequence-based characterization51 to
predict the functional effect of amino acid changes on the structure and functions of proteins
(Adzhubei et al., 2010). The SNPs&GO server uses support vector machines (SVM) to provide estimates
of human disease-related mutations (Calabrese et al., 2009). I-Mutant2.0 is a web service that uses a
Support Vector Machine to forecast how SNP mutations in a protein will affect its stability. ProTherm,
the largest repository of experimental data on protein mutations, served as the training set for the
program (Bava et al., 2004). The MutPred?2 technique and software package use machine learning to
combine genomic and molecular data and make probabilistic inferences regarding the pathogenicity
of amino acid changes (Pejaver et al., 2020). Different tools resulted in conflicting results. Further in-

vitro and in-vivo investigations are required to evaluate the functional effect of these variants.
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6.5 General discussion

Saudi Arabia has passed a long way regarding medical advances. The Kingdom has decreased the
prevalence of many infectious diseases and overcame many obstacles to elevate the health status in
its population. Nevertheless, Saudi Arabia is no different from its adjacent Mediterranean and Asian
neighbors in having a high prevalence of sickle cell trait and thalassemia. Many environmental,
cultural, and religious factors contribute to the reason why hemoglobinopathies in these countries are
present at high rates. The “malaria hypothesis” suggests that heterozygosity for various red cell defect
alleles has provided significant protection against lethal malaria particularly in children and pregnant
women and consequently there has been strong selection for alleles which when homozygous may be
severely damaging (Piel et al., 2010). The most evident factor of the high prevalence rate is the
tradition of marrying from the same family (particularly first cousins), which accounts for up to 60% of
Saudi marriages and because hemoglobinopathies are recessively inherited diseases, close family
member marriages will increase the possibility of passing on the disease to the offspring (El-Hazmi et

al., 2011).

Hemoglobinopathies impose a huge health and economic burden on the government to give each
affected individual the optimum care needed to improve their health status and quality of life and to
try and prolong their life expectancy as much as possible. A cross-sectional retrospective study was
conducted in Al-Ahsa, Saudi Arabia at the Hereditary Blood Disease Center on patients with beta
thalassemia major to assess their need and access of lifelong transfusion of packed red cells and found
a huge gap between the demand for transfusions and supply of blood donations (Albagshi et al., 2021).
Additionally, a retrospective observational study conducted by Bin Zuair et al at King Saud University
Medical City to calculate the average of annual visits of 160 patients with SCD to the emergency

department resulted in an average of four visits with a mean stay of six days (Bin Zuair et al., 2023).

Individuals have the right to know if they carry the risk of passing on such conditions to their children.
Religious and ethical restrictions within Muslim societies prohibit abortion of the affected fetus. On
the other hand, in the last few years, pre-implantation genetic diagnosis (PGD) has been used in Saudi
Arabia by couples at risk of passing on pathogenic variants to their offspring to select mutation-free
embryos. Although individuals carrying hemoglobin mutations can use PGD, this technique is offered
in a limited number of medical and research centers due to its delicate procedure and its high cost
(Abotalib, 2013) (Suhaimi et al., 2022). The most essential function in preventing the problems of

hemoglobinopathies like thalassemia is primary prevention through population screening, premarital
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and prenatal diagnosis, and the avoidance of marriages between carriers. Primary care physicians also
play an essential role in detecting people at risk for or presenting with a clinically severe type of
thalassemia, as well as in providing continuous education and support for patients and their families.
In the effort to help control and reduce the spread of abnormal hemoglobin variants, many countries
have initiated a pre-marital screening program (PMSP) in which some are even mandatory. In 2002,
Saudi Arabia passed a Royal decree to make the public aware of the benefits of genetic premarital
screening. It includes the necessity of explaining genetic disorders and their serious effects on public
health. Also, it gives laboratories all over Saudi Arabia the time to be prepared to carry out premarital
genetic tests and to make them available for any Saudi citizen that wishes to benefit from this program

(ElI-Hazmi, 2004).

In 2003, a second decree was issued that makes pre-marital screening for sickle cell disease and
thalassemia mandatory to all men and women before marriage free of charge to reveal at-risk
partnerships and offer genetic counseling and was implemented in 2004. Regional new born screening
is also offered which provides a great benefit of identifying affected babies and would give a good
chance to manage and control the disorder and give proper health care at early stages of the disease
(Al-Shahrani, 2009). The pre-marital screening program does not actually reflect the real prevalence
of SCD because it only takes into account adults at the age of marriage and does not take into account
the severely affected individuals, affected individuals that do not wish to marry, and children
(Jastaniah, 2011). The compulsory pre-marital screening program in Saudi Arabia is offered by the
Ministry of Health which provides health care, counselling and treatment free of charge for all of the

Saudi population (Alswaidi & O'Brien, 2009).

The need has increased to consider these conditions as a public health problem that needs to be
prioritized in the context of prevention. The introduction of premarital screening and genetic
counseling in Saudi Arabia, education and awareness of the complications and the chronic illness
associated with the disease have essential roles and have proved a degree of effectiveness in reducing
the incidence of the disease through encouraging the voluntary cancellation of marriages (Jastaniah,
2011). In addition to the proper early diagnosis of such diseases, this comprehensive effort will
diminish the chance of increasing frequency of deleterious alleles in the population. Nevertheless,
even with the compulsory premarital screening program implementation, many couples do not cancel
their wedding plans due to different reasons that include family and social pressure, cultural and

religious norms, and upholding marriage commitments; a retrospective analysis conducted between
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2017 and 2020 on > 32000 high performance liquid chromatography tests at the Armed Forces Hospital
in the Southern region of Saudi Arabia has revealed that hemoglobin abnormalities remain prevalent

(Makkawi et al., 2021).

Inherited hemolytic anemia is a spectrum of illnesses characterized by an elevated rate of red blood
cell destruction. Hemoglobin defects, enzyme, and membrane defects in red blood cells are the most
prevalent underlying causes of inherited hemolytic anemia. The degree of this defect determines the
severity of the anemia. Traditionally, the diagnostic workflow of hereditary anemia conditions begins
by gathering a thorough history from the patient, then doing biochemical and morphological
assessments that includes RBC morphology, blood count, hemoglobin electrophoresis, RBC enzyme
levels, and bonemarrow biopsy. At times, it might be difficult to make a correct diagnosis due to the
fact that the clinical symptoms may overlap in cases of diverse etiologies, making it impossible to tell
them apart using traditional diagnostic methods. However, recent changes to the diagnostic paradigm
have made genetic testing an acceptable method for making a differential diagnosis in such cases and
help us in predicting the effect of frequently encountered variant alleles. Single-gene testing is still
advised for individuals with fully phenotypically characterized conditions and if the disorder has been
associated with a specific gene. The polymerase chain reaction (PCR) may be used in a variety of
different ways to identify mutations that are quite common within a population. The procedures of
reverse dot blot analysis, primer-specific amplification using a set of primers, and real-time PCR
(genotyping) are the ones that are utilized the majority of the time. If the mutation was not detected
using targeted variations analysis, sequence analysis can be employed (Cao & Galanello, 2010). Genetic
testing by first generation sequencing which employs Sanger chain-termination technology is used as
a confirmation test but due to the genetic diversity of many illnesses, this method often fails to identify
the relevant mutations in the target gene, leading to incorrect or absent molecular diagnosis.
Nowadays, specially with transfusion dependent cases, genetic testing is used early in the diagnostic
workflow, relieving the patients from the need for bonemarrow aspiration (Roy & Babbs, 2019). Since
90% of beta thalassemia alleles are point mutations that may be easily discovered by Sanger
sequencing or other specialized approaches, comparative genomic hybridization arrays and MLPA are
molecular approached can be used in the discovery of the remaining 10% of alleles that are deletions.
However, it is essential to keep in mind that the implementation of all of these methods should not be

seen as exclusive or sequential, but rather as synergistic.

Page | 231



Our main focus of this current study is beta thalassemia, an autosomal recessive hereditary anemia
and one of the most common disorders worldwide is characterized by quantitative defect of
hemoglobin synthesis resulting from mutations in the beta globin gene that leads to hemolysis,
probably as the result of the accumulation of alpha globin dimers and the resulting oxidative damage
to the cell membrane of erythrocytes. The clinical course of beta-thalassemia is very variable, from
almost asymptomatic to life-threatening, even among people with the identical variants. Inter-patient
heterogeneity in its clinical presentation has spurred intense interest in the search for genetic
modifiers of disease severity. The search for these genetic modifiers is motivated by the possibility that
they may lead to more accurate (or tailored) prognosis tests and direct the creation of more targeted
and efficient treatments (Steinberg et al., 2009). We investigated five affected individuals whom are
all diagnosed with beta thalassemia major, but upon thorough genetical investigations of HBB gene,
beta globin cluster and their promoters, beta globin locus control region, and HBA1/HBA2 genes, we
found that they were only carriers of a well-studied severe pathogenic beta thalassemia variant but in
a heterozygous state, which makes them only carriers (beta thalassemia trait) with no/mild symptoms
and explanation of their severe symptoms had to be made. Also, they were carriers of the -3.7 alpha
globin deletion, in either heterozogous or homozygous state, which may contribute in lowering the

severity risk instead of increasing it.

The clinical and hematological severity of beta-thalassemia in heterozygotes may be increased by two
pathways that have been discovered. The first is an excess of unassembled alpha chains, which can
lead to the premature destruction of red blood cell precursors, and is associated with the inheritance
of both heterozygous beta-thalassemia and a triple (alpha alpha alpha/alpha alpha) or quadruple
(alpha alpha alpha alpha/alpha alpha) alpha globin gene arrangement (Kulozik et al., 1987). The second
mechanism that may contribute in the increasing severity in heterozygotes is that the variation in the
beta globin gene results in high instability of the beta globin chains due to production of inclusion
bodies, the result of precipitation of unstable beta chains bound to heme before assembling with alpha
chains such as in dominantly inherited beta thalassemia and de novo variants (Thein, 1992) (Murru et
al., 1992). In addition, fetal hemoglobin is a major modulator in the severity of beta thalassemia as
discussed in earlier chapters. In the case of our affected family, neither mechanisms were present in
the affected samples, but instead, we have found heterozygous and homozygous alpha thalassemia
deletions that should have helped in reducing the disease severity. After that, we had to continue our
investigation and explore other possible causes that contributed in raising the severity of their

symptoms.
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Traditionally, it has been assumed that the transmission of a trait within a family is equivalent to the
transmission of a single molecular mutation; this has been the basis for the identification of numerous
single-gene illnesses. llinesses that are produced by variations in a single gene are known as monogenic
disorders. These illnesses are often identifiable due to the distinctive family inheritance patterns that
they exhibit. Although it is still the case that some features are transmitted in a monogenic form, with
individual alleles segregating into families according to Mendel's rules, the number of diseases for
which a mutation at a single locus may sufficiently explain the entire phenotype is growing less. While
research into multilocus illnesses has advanced, detecting and recognizing polygenic disorders has
proven more difficult and challenging. Even while Mendelian models are helpful for pinpointing the
major genetic etiology of familial illnesses, they may not accurately represent the underlying cellular
and physiological basis of the problem. In recent years, it has become clear that a very small number
of loci are responsible for the onset or progression of a wide variety of illnesses that were once thought
to be monogenic. The term "polygenic disease" has been used to characterize these conditions, which

span a wide range of phenotypes (Badano & Katsanis, 2002).

More than 60 years ago, Defrise—Gussenhoven hypothesized, that the inheritance of the investigated
disease within a family pedigree would be explained more accurately with less reduced penetrance if
investigated as digenic inheritance (two locus model) rather than only monogenic. ‘Reduced
penetrance’ is when a proportion of individuals, who have a genotype that is known to cause a disease,
do not develop the disease. The proportion who do develop the disease is the numerical value of the
penetrance, which allows for imperfect genotype-phenotype correlation (Defrise-Gussenhoven, 1962)
(Schaffer, 2013). When it comes to genetically complicated disorders, digenic inheritance is the
simplest type of oligogenic inheritance, and it was defined by Schaffer as ‘Inheritance is digenic when
the variant genotypes at two loci explain the phenotypes of some patients and their unaffected (or
more mildly affected) relatives more clearly than the genotypes at one locus alone’ examples where
one locus is predominant but has varying expressivity on its own are included by this definition, as are
cases when the two loci are nearly equivalent in weight (Schaffer, 2013) (Gazzo et al., 2016). In 1994,
Kajiwara and his colleagues have documented the first digenic inheritance report which included three
family pedigrees where affected individuals developed retinitis pigmentosa only with a double
heterozygous mutation in two different alleles that involve photoreceptor-specific genes ROM1 and
peripherin/RDS (Kajiwara et al., 1994). Human digenic inheritance has been steadily discovered since
then, the rate of reporting of digenic disorders is growing exponentially and includes deafness (Lerer

et al., 2001), Pendred syndrome (Li et al., 2020), Charcot Marie Tooth disease (Fierro et al., 2020). The
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reporting of oligogenic disorders in the literature has also been increasing recently. In 2007, Hoefele,
et al, found evidenvce of oligogenic inheritance that correlates to a recessive cystic renal disease,
nephronophthisis, which involves NPHP1-4 genes (Hoefele et al., 2007). Another example is the
findings of Lenglet and colleagues in 2018, which suggested that the dominantly inherited acute
intermittent porphyria with incomplete penetrance may not adhere to the classical autosomal
dominant model, but may instead be modulated by strong environmental and genetic factors
independent of the hydroxymethylbilane synthase gene (HMBS), as evidenced by the striking
difference they found in the penetrance of HMBS mutations between the general population and their
cohort of French families. It is possible that the environmental modifiers of the oligogenic inheritance
model can better explain the penetrance and heredity of AIP (Lenglet et al., 2018). Another group has
studied a cohort of 47 patients with hypogonadotropic hypogonadism phenotype using targeted next
generation sequencing and found that while it is well established that “SPRY4/SEMA3A,
SRA1/SEMA7A, CHD7/SEMA7A, CCDC141/POLR3B/POLR3B, and PROKR2/SPRY4/NSMF" genes have a
role in the hypogonadotropic hypogonadism phenotype, they suggest the existence of novel

"partners" involved in digenic and trigenic patterns of inheritance (Gach et al., 2022).

Discoveries in human digenic and oligogenic inheritance and identification of modifier genes have been
sped up with the use of next generation sequencing which can find disease-causing mutations in two
genes or even more with a single experiment. In 2019, patients with congenital dyserythropoeitic
anemia type Il were analyzed for modifier genes using a target panel of 81 genes, and mutations in
some of these genes were shown to account for observed clinical variation amongst patients. One such
variant, A260S, was found in 12.5% of patients with CDAIl who had severe symptoms and is a recurrent
low-frequency mutation in the ERFE gene. The ERFE-A260S mutation is linked to the increased levels
of ERFE , which severely impairs iron regulatory mechanisms in the liver. Characterization of its action
in a hepatic cell culture revealed a modifier role for it in iron overload via the bone morphogenetic
protein (BMP)/SMAD pathway (Andolfo et al., 2019). Another recent study led by Aggarwal, et, al, on
73 Asian families using next generation sequencing as a diagnostic approach, found that in 15% of
affected patients, co-inheritance of G6PD deficiency with hereditary spherocytosis increased their
transfusion rate which led to more severe phenotype (Aggarwal et al., 2020). Mutations in the HBB
gene have been shown to be inherited along with mutations in other genes in transfusion dependent
Saudi patients. These additional genes include ATRX, HBA1, and AHSP (Alaithan et al., 2018) (Borgio et
al., 2016) (Akhtar et al., 2013) (Al-Nafie et al., 2015) but there was no further investigations on the

degree of these genes’ contribution to the severity of the disease. Many beta thalassemia and sickle
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cell disease studies have investigated the coinheritance of other gene mutations in terms of their
contribution in elevation the severity of the disease by increasing the risk of associated complications
such as stroke, renal failure, leg ulcer, pain crisis, osteonecrosis, priaprism, and acute chest syndrome

(Lettre, 2012).

Genetic technologies have served as valuable resources for helping us better comprehend the genetic
elements that influence the severity of many diseases. On the other hand, digenic and oligogenic
inheritance makes it more challenging to determine which mutations are responsible for the

phenotype, a challenge that is not resolved by NGS and require complex analysis.

Indeed, until now, the underlying genetic causes of hereditary anemia have been linked to over 70
genes involved in RBC physiology and function and can be roughly divided into four main categories
according to their clinical presentations and morphological RBC alterations, diseases that affect red
blood cell and hemoglobin production such as thalassemia, defects in the structural organization or
transport function of RBC membrane, hyporegenerative anemia such as congenital dyserythropoietic

anemia, and enzymopathies of RBC such as PKD and G6PD (Russo et al., 2020).

Up until recently, a clinical diagnosis might be confirmed by a single gene test used in molecular
diagnostics. This conventional sequencing method yields a very sensitive and specific test for single
gene diseases with obvious phenotypes, such as beta thalassemia. After employing various molecular
techniques exploring all regions of both beta and alpha globin genes clusters without finding a
convincing explanation for the phenotype of our affected patients, we expanded our search for
variants to include other genes. Numerous models and techniques have been developed to speculate
on the consequences of single-nucleotide variations. However, these approaches do not generalize
well to the affect of combining single nucleotide variations. Evidence from a growing list of diseases
shows that the interaction of alleles in several genes can have profound phenotypic consequences.
Pathogenicity, genetic disease tendency, and severity may be influenced by the existence of genetic
variations. Therefore, the complexity of predicting the impact of genetic variations grows
exponentially when a combination of disease-causing variations is being investigated simultaneously.
Every specific disease is determined by three primary variables, the number of loci implicated, the
amount to which the environment is engaged, and whether or not a prominent locus contributes
considerably to the phenotype. Since our several molecular approaches typically failed to vyield
definitive results, the monogenic model of disease inheritance is often revised to include other

considerations, factors, and loci. In this chapter, | have described the details of a family where the
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clinical phenotype of the progeny may be explained by the separate segregation of anemia traits. The
pathogenesis of the disease in a single patient could involve more than one gene or the severity could
be influenced by a gene modifier. Expanding on the Mendelian model can help sort out some
conflicting variational and genomic data. There are three types of point mutations that can affect the
expression of beta globin, which we need to deeply investigate each of them: 5' UTR and promoter
mutations that have defective effect on the transcription of beta-gene, splice-junction and consensus
sequence mutations, polyadenylation, and other 3' UTR mutations that alter the processing of mRNA,
and non-synonymous variations that alter mRNA translation such as nonsense, frameshift, missense,

and initiation codon mutations (Cao & Galanello, 2010).

On a similar note, Giess and colleagues have studied a family in which the mother, son, and daughter
all shared the V148G mutation in the superoxide dismutase 1 (SOD1) gene, which causes familial
amyotrophic lateral sclerosis (FALS), an adult onset neurological degenerative disorder that is
transmitted predominantly as a dominant trait. The onset of the disease development presented at
the age of 54 in the mother, 25 in the son, and the daughter was asymptomatic at the age of 35 at the
time of the study. Both the mother and son died within one year of their diagnosis. This big variablity
set Giess’s group out to identify potential modifiers that may affect age of onset. They discovered that
the afflicted son had a homozygous null mutation in the CNTF (ciliary neurotrophic factor) gene,
suggesting that CNTF may operate as a modulator of FALS. Understanding how often CNTF modifies
the FALS phenotype is yet unknown, given these discoveries were based on the data from a single

family (Hand & Rouleau, 2002).

A definitive diagnosis is critical for the patient to have confidence regarding the etiology of the
condition, for the physician to know the disease course and what to expect and give optimal care to
the patient accordingly, and for the patient and family members to have proper genetic counseling. As
a result, it is critical to have conclusive evidence regarding the pathogenicity of genetic variations. In
our study, results from conventional screening methods did not yield an explanation for the severity

of the observed phenotype, which necessitated further investigation.

It is possible that genetic variables, like so-called "modifier genes," are at play in the clinical
heterogeneity seen even in disorders with rather straightforward diagnostic criteria. A modifier gene
is one gene's ability to alter the phenotypic expression of another gene at a different locus, hence
altering the phenotypic expression of that other gene, or a gene's ability to alter the phenotypic

manifestation of a mutant gene without altering the normal state (Genin et al., 2008).
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DNA sequencing data is being generated at an unprecedented rate worldwide that permits the study
of huge cohorts in an effort to better understand the causes of human illness and what affect its
severity, which revolutionized the field of medical genetics. Because of the variable clinical
manifestations and iliness heterogeneity, discovering the underlying causes of a wide range of human
diseases remains a formidable challenge. These challenges point to the emergence of more complex
genetic models that account for the interplay of several variations and genes. While many
bioinformatics resources are available to assist in the identification of Mendelian disease-causing
variations, relatively little aid is available for the identification of oligogenic disease-causing variant
combinations for patients who have exausted conventional methods of illness investigation (Renaux
et al., 2019). Next generation sequencing has been used extensively in both screening and diagnosing
of beta thalassemia (Achour et al., 2021). The Dai people of Yunnan (n=951) underwent a large-scale
population carrier screening effort using a targeted NGS technique spanning the globin gene cluster
by He et al. (2017). Direct NGS screening for thalassemia found a 49.5% carrier rate, but the
conventional method of red cell indices with hemoglobin electrophoresis followed by DNA sequencing
only detected a 22% rate in a double-blind trial (He et al., 2017). Using NGS, researchers in Guangxi,
China, were able to identify 458 previously undetectable mutations in 57,229 samples, many of which

were previously unknown (Munkongdee et al., 2020b).

Since we have started this project, many molecular techniques in genetic diagnosis have emerged and
advanced in the last few years. Constant developments and improvements in sequencing techniques
have favored the approach towards whole exome sequencing and whole genome sequencing amongst
researchers and scientists. Using next-generation sequencing, researchers have been able to pinpoint
not just the underlying cause of hereditary anemias, but also the presence of polygenic risk factors and
other genetic modifiers. WES enables us to investigate thousands of genes and to get a detailed view
of the protein-coding regions of the genome (1-2%) which contains around 60% of identified
pathogenic-related genomic variants with the capability to include some intronic and untranslated
regions to its targeted content (Ross et al., 2020). Whole genome sequencing will become more useful
as the structure and function of promoters and regulator sequences are better understood. Currently,
most WGS data will be wasted because it cannot be interpreted. Promoters and enhancers can be
identified but the effect of making small changes is usually not usefully understood and so is not
predictable. Targeted whole exome sequencing is more affordable and generates more manageable
and easier to analyze datasets with high speed and yield which makes it a better alternative to whole

genome sequencing (Kedar et al., 2019) (Svidnicki et al., 2020). The main drawback of this approach is
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the short read length which can limit genome assembly. Nevertheless, the positive percentage for
clinical diagnosis of genetic diseases using exome sequencing or specialized panels is around 40%
(Niguidula et al., 2018). There is also the potential for unintended genetic discoveries of variants that
are not related to the investigated disease. The challenge of identifying multiple variants located on
different genes that are responsible for the disease pathology. The discovery of an increasing number
of genetic variations with unclear clinical implications using whole exome sequencing has also resulted
in new challenges regarding the diagnostic process (Bertier et al., 2016) (Frésard & Montgomery, 2018)
(Ross et al., 2020). Whole-exome sequencing (WES) data interpretation is difficult and time-consuming
because of the need to examine all of the variations generated in the VCF file. In this study, we looked
at how custom filters may be used to reduce the number of variations of interest in our related family

(Figure 112).

Approaches to whole exome
sequencing analysis

MAF < 0.02 MAF < 0.02
Autosomal recessive Compound heterozygous Gene panel Gene modifiers and
inheritance (same gene) oligogenic inheritance
Shared exclusively Shared exclusively Status of Carriers/ Status of Carriers/
in all affected in all affected normal unaffected normal unaffected
was disregarded was excluded
No candidate genes | | No candidate genes | -
FANCC + List of 10 genes
SBDS
MAF < 0.02
Functionally
Expression analysis I SMC5 | srtealta:sezf
In-silico analysis
Knockout mOdells Carriers/ normal
Pathway analysis unaffected was
Conservation scores -Tald01 factored in

Prediction of damaging effect

Figure 112: Approaches to whole exome analysis.

In the general population, the allelic frequency of many exome variations is rather low. Protein-
truncating variations are frequently linked to illnesses and functional implications in genes with low
tolerance for loss-of-function mutations. An obvious relationship may be obscured, however, when
ilinesses are caused by a collection of alleles with incomplete penetrance that span many genes. This
problem becomes exponentially more challenging when the variants in question are reported rare due
to lack of observations in the sample cohort. The primary factors to think about while doing such
genetic research are defining the phenotype, collecting the genotype, analyzing the data, and verifying

the results.
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Figure 113: Most frequent possible outcomes of whole exome sequencing approach.

Described by Rodenburg (Rodenburg, 2018).

In 2018, Rodenburg et al have proposed several possible outcomes from analysis of WES data (Figure
113). In this family study, after following various scenarios in the analysis of whole exome data, we
have detected variants with unknown significance in genes that have not been associated with beta
thalassemia before. We have been able to establish a functional relation that links those genes to our
phenotype by exploring gene expression studies, knockout models, genomic pathways associations,
conservation scores, and in-silico predictions of damaging effect and pathogenicity of these variants
on the produced proteins. The complexity that we found in the genetic make-up of the affected
individuals in our study and the difficulty in translating their observed phenotypic outcome has led us
to propose two mechanisms that may link the identified candidate genes, SMC5 and TALDO1, with
novel associations to beta thalassemia major phenotype. The first mechanism is to consider the HBB
heterozygous variants (recessive HBB variant that is known to be associated with beta thalassemia
major), while these candidate genes as genetic modifiers that contribute to phenotypic variation by
aggravating the clinical manifestation severity from mild or even intermedia to major (transfusion-
dependent). Currently, novel associations of genetic modifiers that can alter the disease manifestation
and alleviate the disease severity in patients with the same mutation have been discovered in various
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Mendelian diseases (Génin et al., 2008) (Gallati, 2014) (Rahit & Tarailo-Graovac, 2020). In 2018, O’Neal
and Knowles have published a review paper on gene modifiers that are associated in the phenotypic
variation of the monogenic recessive cystic fibrosis (O'Neal & Knowles, 2018). Another example is the
use of whole exome sequencing in the identification of novel modifier genes related to Machado-
Joseph disease (Raposo et al., 2022). Also, in another study, ERFE gene was identified as a modifier
gene that increased the severity in patients with congenital dyserythropoietic anemia. ERFE encodes
a soluble protein secreted by erythroid precursors, erythroferrone, that has a role in increasing iron

overload in the liver when overexpressed by suppression of hepcidin expression (Andolfo et al., 2019).

The second proposed mechanism (combined causative genes) is to consider their disease as digenic or
polygenic inherited anemia disease with compound heterozygosity in two or more different genes
which when combined together contributed to a severe transfusion dependent anemia rather than
confining their case in beta thalassemia disorder, hence, consider these candidate genes as causative

genes (Table 35).

Table 35: The genetic make-up of both affected and non-affected members of our family cohort.

I-1 11-3 11-120 | 11-11 | 11-12 | 1-13 -2 I-3 1-24 | 1-15 | 11-16 | 11-17 | 11-19 | li-20
wild wild | wild | Wild | Wild
HBB Het Het Het Het Het Het Het Het Het
type type | type | type | type
wild wild | Wild
G6PD Hom | Hom | Hemi | Hom | Hom | Hom | Hemi Het Het Het Het
type type | type
Wild Wild Wild wild Wild
FANCC Het Het Het Het Het Het Het Het Het
type | type | type type type
wild | wild | wild | wild | wild | wild wild | wild wild
SBDS Het Het Het Het Het
type | type | type | type | type | type type | type type
wild | wild wild | wild | Wild wild wild
SMC5 Het Het Het Het Het Het Het
type | type type | type | type type type
Wild Wild Wild Wild Wild Wild Wild
TALDO1 Het Het Het Het Het Het Het
type | type type | type | type type type
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The presence of two types of inherited anemias (Hereditary Elliptocytosis and Deletional Hemoglobin
H Disease) in an affected patient with moderate anemia have been reported before (Charoenkwan et
al., 2017). In addition, the presence of two variations in two different genes, PIEZO1 (heterozygous)
and SEC23B (homozygous), resulted in severe iron overload in a proband with Dehydrated hereditary

stomatocytosis, a hemolytic anemia disorder (Russo et al., 2018).

In our candidate genes analysis, we used computational tools to investigate the effects of mutations
on protein structures and stability. We first used AlphaFold to generate 3D models of the SMC5 and
TALDO1 proteins. We then evaluated the models using Ramachandran plots and ProSA-web. The
results showed that the AlphaFold models were of high quality, indicating that AlphaFold is a reliable

tool for predicting protein structures.

Next, we generated mutant sequences of SMC5 and TALDO1 and modelled them using Swiss Model
with the AlphaFold models as templates. We then used DynaMut to predict the impact of the
mutations on protein stability. The results showed that the Asp202Asn mutation in TALDO1 was
stabilizing, while the Glu226Lys mutation in SMC5 was destabilizing. Finally, we performed MD
simulations on the wild-type and mutant SMC5 and TALDO1 proteins. The results showed that the
mutant proteins had different stabilities than the wild-type proteins. The Asp202Asn mutation in
TALDO1 made the protein more stable, while the Glu226Lys mutation in SMC5 made the protein less

stable.

We also further analyzed these variations using different simulation and protein docking tools using I-
TASSER and Discovery studio program and showed differences between the wild type protein and the
mutated protein in both genes with regards to their 2-dimentional structure, and their active site
hydrophobocity, ionizibility, charges, hydrogen bonds, and their solvent accessible surface. We

showed differences between the wildtype and mutant genes.

Moreover, using different prediction tools that predict the deleterious effects of single nucleotide
polymorphisms and missense mutations, we got different results. Further in-vitro and in-vivo

investigations are required to evaluate the functional effect of these variants.

Afterall, my findings suggest that not every monogenic disease case is a straightforward case, some
may turn out to be complex. Variable phenotypes in monogenic diseases might be caused by the

involvement of other genes which may impact its diagnosis and treatment.
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Allele linkage analysis

In a different approach, whole exome analysis have been also used in allele linkage analysis. Allele
linkage analysis uses known chromosomal locations of genetic markers that are inherited together

with the trait of interest, to pinpoint the gene responsible for a disease (Ott et al., 2015).

In our fourth scenario of data filtering, we looked to see which variants over the whole exome were
transmitted from father and not mothers to the affected individuals in both families (in a heterozygous
state). As for the rest of the unaffected siblings, if they do carry the father’s allele, they would have
the same genotype as the father (carrier state). Therefore, looking back at the hb electrophoresis
results, which indicated that 1I-19 is a carrier, while [I-3, 1I-11, 1I-12, and 1l-13 are normal, and since II-
19 does not have previously identified HBB variant, then we can assume that he has inherited the
heterozygous pathogenic allele from his father. 1I-19 was included in while II-3, 1I-11, 11-12, and 1I-13

were filtered out. Not knowing the hematological status of 1I-20 led to her sample being disregarded.

We came up with a set of rare variants. We accedently found out that a number of them (OR5P3,
OR52B2, and OR52/1) were very close to HBB on chromosome 11, in fact flanking HBB. They are
odorant receptor genes (olfactory genes) which are famous for being wrongly identified as candidates
in WES studies. If the variants are all rare and all transmitted together, then they might be a haplotype
from one of his Chrlls. They flank one of father's HBB loci. They are markers for his HBB locus. We
seem to have shown that there is a set of markers that flank HBB that are being transmitted from one
of father's Chr11's to all his affected offspring. Therefore there is a chance that the mutation is in his

HBB cluster still but we did not find it yet.
6.6 Conclusion

As a speedy and accurate technique for the first screening of beta thalassemia patients, the TagMan
single nucleotide polymorphism (SNP) genotyping assays will reduce the requirement for direct
sequencing of the HBB gene. This method has successfully confirmed the presence of sickle cell and

beta thalassemia variants in 100 out of 154 patients.

There can be no doubt that next-generation sequencing has marked a turning point in the
identification and characterization of thalassemia syndromes. In this project, this technique was useful

in diagnosing 51 out of 54 patients with beta thalassemia.

Beta thalassemia is a heterogenous disease with a wide range of clinical severity and the steps towards
identification of the underlying genetic cause of the phenotype is different from case to case and may
require a combination of several molecular techniques. Therefore, the interaction of illness-causing
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variations with the rest of an individual's genome is crucial to gaining a complete understanding of the

condition.

Excellent detection rates in less time may be achieved with a specialized filtering technique and
strategy, making this an option for primary laboratory workflow. This technique helped in the
identification of two gene candidates, SMC5 and TALDO1, with possible novel associations in
increasing the severity of clinical manifestation in transfusion-dependent patients with heterozygous

pathogenic variant of beta thalassemia.

Diagnostic testing based on NGS may now be performed in a time-effective manner and it can also
detect polygenic diseases and modifier variations. As our understanding of the genetic aspects of
hereditary anemia expands, we will be better able to diagnose these individuals and provide them with

individualized clinical therapy.

Documenting such complex cases will aid medical staff in providing appropriate care to similar cases
and highlights the importance of following up with the diagnosis investigation process and identifying
the genetic causes in inherited diseases to minimize misdiagnosis incidences and to provide the best

therapeutic strategy and treatment approach.
6.7 Future Recommendations

Gene allele linkage analysis

Given that HBB is the most obvious locus to find a thalassemia allele, we can continue our HBB analysis
by attempting to confirm that there is indeed a whole continuous linked region by removing the MAF
restraint in our WES data filteration and look for variants as markers rather than disease causating
variants. Then we can go back into father's WGS data and look for anything wrong with his LCR. Collect
new samples to perform WGS to the rest of both families’ members (A and B). So far we have looked
for known variants in the father’s WGS data. By applying our fourth filteration method to the rest of
family members, we might be able to assemble paternal haplotypes over the LCR and identify

unknown causative variants.
Repeat of MLPA testing

Since we did not have positive controls of alpha gene triplication or quadriplication to include in our
previous MLPA test, we can repeat the test with positive controls to be confident of our exclusion of

extra alpha globin genes.

Investigation of clinical data and phenotypes
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A thorough and detailed investigation of clinical manifestations and phenotypes of all affected
members with a hematologist consultation can be very beneficial in our data analysis. An new ethical

approval should be applied for to have access to these patients records and medical history.
Candidate genes functional analysis

Investigation of rare genetic variations of undetermined clinical relevance is currently one of the most
pressing issues in human molecular genetics. Although several in-silico techniques have been
performed for predicting the missense variants structural effects on the produced protein, these
proteins interact within the cell with other molecules to perform a biological function, therefore our
investigation must be supported with in-vitro and in-vivo functional analysis as these computational
methods do not predict the variant effect in actual clinical presentation. To further expand our
knowledge of these variations, demonstrate their pathogenic character, and correlate them with the
increased severity status of the affected patients, functional consequences of these variants should be
investigated experimentally. Scientific research relies heavily on in vitro cultured cell lines as models
to investigate a wide range of in vivo events. To get a better understanding of their function in different
biological processes, researchers can modify certain molecular targets or cellular signaling pathways
using these cellular systems. Researchers studying erythropoiesis in health and iliness rely on erythroid
cell lines as a tool to manipulate molecular targets and to determine deleterious effect of different
variants in vivo. Red blood cell researchers now have access to useful in vitro models of erythroid
development because of the recently created human umbilical cord blood-derived erythroid
progenitor (HUDEP) cell lines. The HUDEP-2 cell line is the most similar to adult erythroid cells and
expresses adult B-globin compared to the other two HUDEP cell lines. Because HUDEP cells are simple
to transduce, scientists have found a way to modulate gene expression through the use of CRISPR/Cas9
gene disruption or RNA interference with short hairpin RNAs (shRNAs). There is now a promising new
way to use the CRISPR/Cas9 system in conjunction with HUDEP cells to generate a clonal cell
population with biallelic disruption of a target gene (Vinjamur & Bauer, 2018) (Gupta et al., 2019)
(Daniels et al., 2020).

Furthermore, different experimental designs must be performed to investigate the damaging effect of
the candidate genes variants in combination with the beta thalassemia variants (identified in our

cohort) and the G6PD variant to find if they inflict severe manifestation together.
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