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Abstract

STRUCTURAL AND FUNCTIONAL CHARACTERIZATION OF THE MBD2-NURD

CO-REPRESSOR COMPLEX

By
Megha A. Desai, B.E.

A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor
of Philosophy at Virginia Commonwealth University.

Virginia Commonwealth University, 2014

Thesis Advisor: Gordon D. Ginder, M.D.
Director, Massey Cancer Center
Professor, Departments of Internal Medicine, Human and Molecular Genetics and
Microbiology and Immunology

The MBD2-NuRD co-repressor complex is an epigenetic regulator of the developmental
silencing of embryonic and fetal B-type globin genes in adult erythroid cells as well as
aberrant methylation-dependent silencing of tumor suppressor genes in neoplastic

diseases. Biochemical characterization of the MBD2-NuRD complex in chicken



erythroid cells identified RbAp46/48, HDAC1/2, MTA1/2/3, p66a/B, Mi2a/f and MBD2 to

comprise this multi-protein complex.

In the work presented in Chapter 2, we have pursued biophysical and molecular studies
to describe a previously uncharacterized domain of human MBD2 (MBD2pR).
Biophysical analyses show that MBD2pr is an intrinsically disordered region (IDR).
Despite this inherent disorder, MBD2pr increases the overall binding affinity of MBD2
for methylated DNA. MBD2pr also recruits the histone deacetylase core components
(RbAp48, HDAC2 and MTAZ2) of NuRD through a critical area of contact requiring two

286 and Leu®®’. Mutation of these critical residues

contiguous amino acid residues, Arg
abrogates interaction of MBD2 with the histone deacetylase core and impairs the ability
of MBD2 to repress the methylated tumor suppressor gene Prostasin in MDA-MB-435
breast cancer cells. These findings expand our knowledge of the multi-dimensional
interactions of the MBD2-NuRD complex that govern its function.

In Chapter 3, we have discussed a novel mechanism for MBD2-mediated silencing of
the fetal y-globin gene. Through microarray expression analyses in adult erythroid cells
of MBD2"" mice, we identified ZBTB32 and miR-210 as downstream targets of MBD2.
Over-expression of ZBTB32 and miR-210 in adult erythroid cells causes increased
expression of the silenced fetal y-globin gene. Thus, our results indicate that MBD2 may

regulate y-globin gene expression indirectly though ZBTB32 and miR-210 in adult

erythroid cells.



CHAPTER 1: Introduction

Hemoglobin and the hemoglobin switch:

A. Hemoglobin
Hemoglobin is the oxygen carrying metalloprotein in the red blood cells in our body.

Hemoglobin carries oxygen from the lungs to other tissues in the body. Although there
are many variants of hemoglobin in normal embryonic, fetal and adult life as well as
different pathologic conditions, each hemoglobin molecule is a tetramer consisting of
four subunits including two a-like chains and two (-like globin chains. In humans, the
genes coding the a-chains are located on the short arm of chromosome 16 (16p13.3).
The a-globin locus contains one functional embryonic ¢-globin gene and two adult a-
globin genes (a; and ay). The genes coding for the B-globin chains are located on the
short arm of chromosome 11 (11p15.5) and it determines different types of hemoglobin
chains that are expressed in different stages of development (David G. Nathan, David
Ginsburg, Stuart H. Orkin, A. Thomas Look, 2003).

In adult humans, the most common form of hemoglobin is HbA (a,f,) which comprises

~95% of the total hemoglobin. HbA; (a,0,) comprises about 1.5-3.5% of the total



hemoglobin whereas the fetal hemoglobin HbF (a,y,) comprises <2% of the total
hemoglobin in adults (David G. Nathan, David Ginsburg, Stuart H. Orkin, A. Thomas

Look 2003).

B. The B-globin gene locus and the hemoglobin switch:

The human B-globin gene cluster lies on the short arm of chromosome 11 (11p15.5)
and consists of different genes that code for the 3-globin subunit of hemoglobin. This
cluster includes a pseudogene (yB) and 5 functional genes: 5’ - epsilon(€) - gamma
G(®y) - gamma A(%y) - delta(d) - beta(B) which are expressed in the order of their
arrangement within the locus (Stamatoyannopoulos et al. 2001). All of the expressed -
type globin gene products have 146 amino acids and consist of two introns and 3
exons.

The earliest hemoglobin to be expressed is the embryonic hemoglobin ({,€,) which
consists of the g-globin subunit from the B-globin gene cluster and the ¢-globin subunit
from the a-globin gene cluster. The e-globin gene is expressed in the first wave of
primitive erythropoiesis from the yolk sac during the first 5-7 weeks of gestation.

At 5-7 weeks post gestation, the primitive erythroid lineage is replaced by the
definitive erythroid lineage and undergoes maturational globin switching at which time
the e-globin gene expression ceases and the fetal y-globin gene expression begins.
This first major “hemoglobin switching” event coincides with the changes in the sites of
erythropoiesis from the embryonic yolk sac to the developing fetal liver. Fetal
hemoglobin (azy2) consists of the fetal B-type globin subunits, ®y and *y, and the a-

globin subunit from the a-globin gene cluster (Figure 1). The y-chains arose due to gene



duplications in primate evolution and differ only in the presence of glycine or alanine,
respectively, at position 136. The ®y subunit is produced three times higher than the “y
subunit in these fetal erythrocytes.

The second major “hemoglobin switch” occurs perinatally in humans and Old World
primates around 32 weeks post-gestation when the fetal y-globin subunits are gradually
replaced by two adult B-globin subunits forming the adult hemoglobin: a,B,. By six
months of age, adult hemoglobin HbA; (a2f3) is the primary hemoglobin that is
expressed. The adult bone marrow is now the primary site of erythropoiesis for the adult
erythrocytes (Figure 1) (Boyer et al. 1975; Ley et al. 1989; Peschle et al. 1985).

The first “hemoglobin switch” occurring in the primitive embryonic erythroid cells to
give way to the definitive erythroid cells is found among all vertebrates. However the
second “hemoglobin switch” leading from fetal-to-adult definitive erythroid cells occurs
only in the primates and humans and is believed to be due to the unique expression of
the y genes during the fetal period - an event which took place around 35 to 55 million
years ago during primate evolution. Although the y- and B-globin chains are highly
homologous, there are significant structural differences between them which confer
different functional properties to HbF and HbA. HbF has higher average affinity for

oxygen compared to HbA, this property is physiologically relevant since the maternal O,
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Figure 1. The hemoglobin switch. (A) Hemoglobin switching in man. Around week 6 of gestation,
embryonic globin (g) is silenced and fetal globin (y) starts to be expressed. Perinatally the switch to adult
globin (B) occurs. For the a-like globins, a single switch from the embryonic (¢) to adult (a) globin occurs
(not shown). (B) Major anatomical sites of hematopoiesis during development. Erythropoiesis occurs in
the blood islands of the yolk sac in the first 8 weeks of gestation, then in the fetal liver between 8 and 32
weeks, and finally in the bone marrow from 32 weeks on. Around birth the spleen serves as a transient
erythropoietic organ (not shown). (C) Structure of the main human hemoglobins expressed during
development. Embryonic globin ({2¢2; HbE Gower-1); fetal hemoglobin (a2y2; HbF) and adult
hemoglobin (a2p2, HbA). Adapted from Cantu and Philipsen, 2014.



needs to diffuse to the fetal circulation and the higher O, affinity of HbF ensures that
some of the maternal O, will be trapped by the fetal circulatory system. Also, the lower
O affinity of adult hemoglobin (maternal hemoglobin) readily allows transfer of its O, to

fetal hemoglobin (Bell 1999).

Il. Erythropoiesis:

Erythropoiesis is the process by which red blood cells are formed from erythroid
precursor cells. There are two types of erythropoiesis in humans, primitive
erythropoiesis and definitive erythropoiesis. Primitive erythropoiesis occurs from the
“blood islands” in the yolk sac early on during embryonic development and gives rise to
large, nucleated erythroid cells which mature and enucleate in circulation. Definitive
erythropoiesis occurs during late fetal life and throughout adulthood when the sites of
erythropoiesis are the fetal liver and postnatal bone marrow respectively, giving rise to
mature, enucleated erythroid cells. Unlike primitive erythropoiesis, definitive
erythropoiesis occurs within erythroblastic islands, composed of erythroblasts physically

attached to central macrophage cells. (McGrath and Palis 2008; Palis 2014).

Hematopoietic stem cells differentiate into a common myeloid progenitor which gives
rise to the lineage-committed, definitive erythroid progenitors called burst forming unit-
erythroid (BFU-E) and colony forming unit-erythroid (CFU-E). These give rise to the
morphologically identifiable, nucleated precursors that progress from pro erythroblasts
(ProE) to basophilic erythroblasts (BasoE), polychromatophilic erythroblasts (PolyE) and

orthochromatophilic erythroblasts (OrthoE) to reticulocyte. Reticulocytes are released
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Figure 2. Human erythropoiesis. Hematopoiesis begins in the bone marrow with the multi-potent
hematopoietic stem cell. This cell gives rise to a common myeloid progenitor (MEP), followed by a
megakaryotic/erythroid pluripotent progenitor. In erythropoiesis, the MEP goes through a series of
morphological changes culminating in the formation of a Hb-filled and organelle-lacking erythrocyte.
These stages include the Burst forming unit-erythroid (BFU-E), Colony forming unit-erythroid (CFU-E),
proerythroblast, basophilic erythroblast, polychromatophilic and orthochromatophilic erythroblasts which
loses the nucleus and differentiates into the reticulocyte. The reticulocyte is released into bloodstream
and matures in RBC. Adapted from Cantu and Philipsen, 2014



into the bloodstream and comprise about 1% of circulating red blood cells (Figure 2).
The reticulocytes mature into erythrocytes after one to two days in circulation. These
different stages of erythropoiesis can be visualized by staining with Wright staining and
examination by light microscopy. Progressive erythroid maturation is characterized by
erythroblast expansion through a limited set of symmetric cell divisions, accumulation of
hemoglobin, decrease in cell size, nuclear pyknosis and decrease in RNA content. As
erythrocytes age, surface area and volume, but not the hemoglobin content, are
progressively lost which leads to increased erythrocyte cell density. Senescent

erythrocytes are ultimately cleared by splenic macrophages (Palis 2014).

II. B-hemoglobinopathies:

Disorders of the B-globin gene (B-hemoglobinopathies) are single gene disorders which
are inherited as autosomal recessive traits. According to a recent estimate by the World
Health Organization, about 0.7% of the world’s population is carrier of sickle cell
disease, affecting over 275,000 babies and of B-thalassemia, affecting around 56,000
babies every year (Weatherall and Clegg 2001). About 60% of total and 70% of all
pathological cases are found in Africa. f-hemoglobinopathies are most common in the
ethnic populations from Africa, the Mediterranean basin and South-east Asia.
Hemoglobinopathies provide a selective advantage to heterozygous populations for
survival against malaria, hence these variant alleles have been evolutionarily selected
in geographical areas where malaria is endemic (Weatherall and Clegg 2001). The B-

hemoglobinopathies can be characterized into two groups. The first group is



characterized by structurally abnormal -globin chains most commonly caused by
missense mutations. Over 900 qualitative structural variants of hemoglobin have been
reported, although most of them are rare and benign. Most of these are caused due to
amino acid substitutions, although some are also brought about by insertions and
deletions of amino acids, elongation of globin chains and poly-peptide fusions as a
result of recombination between globin chains (Examples, Hb S, E, DP"® C, Lepore
etc.) (Weatherall and Clegg 2001). Sickle cell disease is the most common type of 3-
hemoglobinopathy in this group. The second group is characterized by the production of
abnormally low amounts of the 3-globin chains, through mutations as well as deletions
that affect regulation of the gene. B-thalassemias comprise this second group of

disorders.

A. Sickle Cell Disease (SCD)

Sickle cell disease is one of the most common severe monogenic disorders worldwide.
It is a multi-system disorder that is caused by inheritance of the mutated 3-globin chain
and involves periods of acute illness and progressive organ damage arising from
hemoglobin polymerization. Sickle cell anemia is the most common form of sickle cell
disease and results from a single base-pair mutation which causes substitution of a
valine in place of glutamic acid in the 6th position in the adult B-globin gene (B°). This
mutation produces a hydrophobic motif in the deoxygenated HbS tetramer such that it
results in binding between the 1 and B2 chains of two hemoglobin molecules. The
crystallization produces a polymer nucleus which fills the erythrocyte, disrupting its

architecture and flexibility and promoting cellular dehydration with physical and oxidative



stress (Figure 3). A normal red cell typically functions for 90-120 days, whereas sickle
cells only last 10-20 days.

Sickle cell anemia manifests as two major pathophysiological processes: vaso-
occlusion with ischemia-reperfusion injury, and hemolytic anemia. Acute vaso-occlusion
pain is caused by entrapment of erythrocytes and leucocytes in the microcirculation,
causing vascular obstruction and tissue ischemia. Restoration of blood flow further
promotes tissue damage by reperfusion. These cycles of ischemia and reperfusion
lead to oxidative stress. Hemolysis causes anemia and fatigue; cutaneous leg
ulcerations, priapism and pulmonary hypertension are also associated with hemolysis.
The release of hemoglobin in the plasma during hemolysis also produces reactive
oxygen species which inhibit endothelial nitric oxide signaling, leading to endothelial cell
dysfunction and nitric oxide resistance (David G. Nathan, David Ginsburg, Stuart H.
Orkin, A. Thomas Look 2003).

The prevalence of sickle cell disease is the highest in the sub-Saharan population; a
recent estimate suggests about 230,000 affected children are born every year in this
region. In comparison, the number of affected children in North America is 2600, with
1300 in Europe every year. Due to the adaptive advantage to heterozygotes, the
occurrence of SCD is highest in people with ancestry from regions where malaria has
been endemic, including Africa, the Mediterranean, Indian and the middle-east
(Weatherall and Clegg 2001). In USA, 1 in 500 African-American children and 1 in
36,000 Hispanic children are born with SCD every year. It is estimate that 2.5 million
Americans are heterozygous carriers of the sickle disease trait, occurring among 1:12

African-Americans and 1:100
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Figure 3. Pathophysiology of sickle cell disease. The HbS mutation, HBB glu6val, leads to 3-globin
chains that, when incorporated into hemoglobin tetramers with normal a-globin chains, produce a
hemoglobin, HbS, which can undergo reversible polymerization when deoxygenated. The sickle polymer
injures the erythrocyte and eventually produces irreversible membrane damage. The cells have a
shortened life-span due to hemolysis. Adapted from Steinberg MH, 2008
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Hispanic-Americans. About 90% patients with SCD survive to the age of 20 years and
about 50% survive beyond their fifth decade. In the USA, the mean survival age for

male patients with SCD is 53 years and that for female patients is 58 years.

B. B-thalassemias

B-thalassemias are one of the most common autosomal recessive monogenic disorders
worldwide. B-thalassemias are characterized by reduced or absent production of the -
globin chains of hemoglobin that leads to microcytic anemia.

B-thalassemias are highly heterogenous at the molecular level; more than 200
different disease-causing mutations have been identified so far. The majority of
mutations are single base-pair substitutions, deletions or insertions of few base-pairs
leading to a frameshift. Mutations leading to deficient production of B-globin chains are
categorized as: 1. Mutations causing defective B-globin gene transcription which
includes mutations in the promoter and 5’-UTRs; 2. Mutations that cause affect its
MRNA processing which includes splice-junction and consensus sequence mutations,
polyadenylation and 3’-UTR mutations; 3. Mutations resulting in abnormal mRNA
translation including non-sense, frameshift and initiation codon mutations
(Stamatoyannopoulos et al. 2001).

B%thalassemias are characterized by mutations that cause complete absence of
production of the B-globin chains whereas B*-thalassemias results from reduced
production of B-globin chains. The three clinically recognized forms of B-thalassemias in
the order of increasing severity include: B-thalassemia trait (carrier status), B-

thalassemia intermedia and B-thalassemia major. B-thalassemia minor (also -
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thalassemia trait) results from heterozygocity for the p-thalassemia mutations (8° or ¥
and is clinically asymptomatic. B-thalassemia intermedia consists of a genetically and
clinically heterogenous group of thalassemia-like disorders with severity ranging from
asymptomatic to severe transfusion-dependent anemia. These individuals could be
heterozygous or homozygous for any of the p-thalassemia genotypes. B-thalassemia
major (also called Cooley’s anemia for Thomas Cooley who first described it in 1925) is
the most severe form of the disease leading to severe transfusion-dependent anemia
and is caused by homozygosity for the B° alleles or compound heterozygosity for mild -
thalassemia alleles (Stamatoyannopoulos et al. 2001).

The clinical severity of B-thalassemias depend on the extent of imbalance between
the alpha globin and non-alpha globin chains. In red blood cell precursors, the absent or
reduced amounts of B-globin chains causes the unassembled alpha-globin chains to
precipitate, which in turn leads to oxidative damage to the red cell membranes and
apoptosis due to ineffective erythropoiesis. Anemia stimulates the production of
erythropoietin leading to intensive but ineffective expansion of the bone marrow, which
results in bone deformities. Prolonged anemia and increased erythropoietin stimulation

in turn results in hepatosplenomegaly and extra-medullary hematopoiesis (Figure 4).
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Individuals with B-thalassemia major usually come to medical attention within 1-2 years
of age and require regular blood transfusions for survival. If a regular transfusion
program is maintained, the growth and development of infants is normal till 10-11 years
of age. After the age of 10-11 years, there is an increased risk for developing
complications due to iron overdose, however it can be managed with adherence to iron
chelation therapy. Complications of iron overload affect the heart (myocardiopathy and
pericarditis), liver (chronic hepatitis, fibrosis and cirrhosis) and endocrine glands
(resulting in diabetes and insufficiency of the thyroid and pituitary glands) and causes
hypersplenism, osteoporosis and lung hypertension (Figure 4) (Weatherall and Clegg
2001).

Patients who undergo regular blood transfusions and iron chelation therapy survive
well beyond 40 years of age. Myocardial disease is the major life-limiting complication of
iron toxicity in B-thalassemias. An estimate suggests that 71% of deaths in patients with
B-thalassemia major are caused by cardiac complications.

B-thalassemias are prevalent in Africa, the Mediterranean, the Middle-east, central
Asia, India, Southern China and the Far East, with incidences as high as 10% in these
regions presumably due to the adaptive association with malaria. Estimates indicate
that about 1.5% of the global population are carriers of B-thalassemias and about 1 in
every 100,000 people is symptomatic for the beta-thalassemia disease, with majority of

the cases being recorded in developing countries (Weatherall and Clegg 2001).
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C. Management of f-hemoglobinopathies:

i. Therapeutic options for -hemoglobinopathies:

Management of sickle cell disease involves symptomatic treatment of acute events
like vaso-occlusive crises and acute chest crises; prevention of bacterial infections; iron
chelation to reduce the iron overload; folic acid supplementation; management of
different forms of organ damage and stroke and controlling complications, if and when
they occur. Newer therapeutic options include: 5-hydroxymethyl-2-furfural (5-HMF)
which is a natural compound that binds to red blood cells and increases their oxygen ,
thus preventing the red blood cells from sickling (Abdulmalik et al. 2005). Adenosine
A2A receptor antagonists have potent anti-inflammatory activity and are used for
relieving pain-related symptoms due to vaso-occlusive crises in sickle cell disease
(Field et al. 2013).

Treatment options for B-thalassemia disorders include regular blood transfusions, iron
chelation therapy, splenectomy and folic acid supplementation. The primary focus of
these therapies is to alleviate the symptoms of the iliness.

Allogenic bone marrow or cord blood transplantation is the only curative therapy
available for small number of patients with severe -hemoglobinopathies. The overall
survival following matched sibling donor hematopoietic stem cell transplants is excellent
in children, with disease-free survival rates greater than 80%, and a graft failure rate of
about 10% (Angelucci 2010; Shenoy 2013). However its therapeutic application is
limited by the inability to find an HLA-identical sibling donor for the patients and also the

concerns of morbidity and mortality related to the high risk procedure.
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ii. Fetal Hemoglobin Stimulants:

Hereditary persistence of fetal hemoglobin (HPFH) is a naturally occurring condition in
which the fetal y-globin gene continues to be expressed well into adulthood without any
pathological manifestations. Many deletion mutations resulting from large deletions at
the B-globin gene cluster and non-deletion mutations resulting from single base
mutations in the promoters of the ®y and “y genes have been characterized in HPFH,
however how some of these mutations affect y-globin gene expression remains
unknown. Rare individuals with B-hemoglobinopathies and HPFH do not manifest the
disease because the fetal y-globin gene can substitute for the functionally impaired
adult B-globin gene. This phenomenon was first observed in infants with sickle cell
disease who had fewer symptoms and their deoxygenated erythrocytes took longer to
sickle; Watson attributed this effect to the presence of fetal hemoglobin in these cells
(WATSON 1948). However, this effect lasted only for a few months after birth until adult
B-globin gene expression became pre-dominant. The ameliorating effect of HbF was
later noted in individuals who were co-inherited sickle cell disease and hereditary
persistence of fetal hemoglobin. These individuals were clinically asymptomatic despite
the presence of HbS (Edington and Lehmann 1955).

The protective effect of HbF was understood through studies which postulated that
varying amounts of HbF would be beneficial in different complications of sickle cell
disease. It was accepted that higher amounts of HbF had ameliorating effects in those
symptoms of the disease that were associated with sickle vaso-occlusion and blood
viscosity (Kato, Gladwin, & Steinberg, 2007). However, any increase in HbF had a

beneficial effect on mortality (Platt et al. 1994; Powars et al. 1984). The pathophysiology
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of sickle cell disease depends on the polymerization of the deoxygenated HbS, but HbF
interferes with this process. Importantly, the Hb tetramer composed of both HbF and
HbS (a,B°) cannot enter the polymerized sickle state on deoxygenation. Also, the
hybrid tetramer containing B° and B” globin chains have only half the probability of
entering the polymer to form HbS. The anti-polymerization effect of HbF resides in its
two critical residues: glycine y87 and aspatrtic acid y80. HbF prevents the tendency of
deoxy sickle hemoglobin to polymerize, which in turn retards the many downstream
pathophysiological effects caused by cellular damage due to HbS (Steinberg 2008).
Cell based therapies for induction of fetal hemoglobin as a therapeutic strategy for 3-
hemoglobinopathies began in the 1970s after cloning of the human globin genes and in
the 1980s once the mechanisms regulating globin gene expression were elucidated.
Epigenetic mechanisms like DNA methylation and histone deacetylation gained
increased importance in developmental silencing of the fetal globin gene in adult
erythrocytes. 5-azacytidine was the first agent to be used to induce HbF in adults
patients. The rationale for using a DNA methylation inhibitor came from the fact that
actively transcribed adult 3-globin gene is hypomethylated whereas the non-transcribed
fetal y-globin gene is hypermethylated in adult life. DNA methylation of genes was
shown to be inversely proportional to gene expression. 5-azacytidine was shown to
induce very high levels of HbF in anemic baboons, which led to treatment of patients
with sickle cell disease and B-thalassemias with 5-azacytidine (Charache et al. 1983;
Ley et al. 1982; Lowrey and Nienhuis 1993). Although the adult patients with -
hemoglobinopathies showed promising induction of fetal hemoglobin, azacytidine was

never tested in large-clinical trials due to concerns about potential carcinogenicity and
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toxicity. Recently, decitabine (5-aza-2-deoxycytidine) - a newer and safer analog of 5-
azacytidine, has been introduced in small scale clinical trials for patients with SCD and
has shown promising results in inducing HbF and ameliorating the pathophysiology of
SCD. However, larger long-term trials are required to confirm its safety and efficacy
(Saunthararajah et al. 2003).

Hydroxyurea, an S-phase specific ribonucleotide reductase inhibitor and an approved
chemotherapeutic agent has demonstrated great success in induction of HbF in adult
patients with SCD (Charache et al. 1995; Dover and Charache 1992; Steinberg et al.
1997). Induction of HbF by hydroxyurea has been proposed to occur through various
different mechanisms: perturbation of erythroid differentiation through stress
erythropoiesis pathways, stimulation of cyclic GMP signaling pathway, increase in
cAMP levels, induction of small GTP-binding protein and RAS-related (SAR) protein and
induction of soluble guanylate cyclase through its nitrosylation (Atweh and Fathallah
2010). Currently, hydroxyurea is the only FDA approved treatment for adults with
moderate or severe sickle cell disease, however its effects are highly variable (Ma et al.
2007).

Butyrate, a short chain fatty acid that inhibits histone deacetylases, was also
investigated as a fetal hemoglobin stimulating agent in chicken, mice and baboons.
Treatment of SCD patients with arginine butyrate also showed sustained stimulation of
HbF. However, due to difficulty in the mode of administering large volumes of this drug
its therapeutic use has been limited (Atweh and Fathallah 2010; Perrine et al. 1993).
Recently, an oral butyrate derivative sodium 2,2-dimethyl butyrate (HQH-1001) was

shown to induce y-globin expression and was tolerated in phasel/ll clinical trials in
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patients with B-thalassemia (Fucharoen et al. 2013). Although butyrates and its

derivatives have promising results, the effect is often variable among patients.

iii. Futuristic therapeutic options:

The lack of effective treatments for f-hemoglobinopathies has encouraged efforts to
investigate newer therapeutic options. Gene therapy has been promising in correcting
many immunodeficiency diseases like X-linked severe combined immunodeficiency (X-
SCID), Wiskott-Aldrich syndrome (WAS) and chronic granulomatous disease (CGD).
Gene therapy for B-hemoglobinopathies is in the early phases of development and
preliminary results have been encouraging. The first successful gene-therapy for a
transfusion-dependent patient with hemoglobin-E-B-thalassemia was done using a self-
inactivating lentivirus (SIN-LV)-based B2 vector and reported in a French trial
(Cavazzana-Calvo et al. 2010). Synthetic B-globin (B"8'?) has anti-sickling properties.
An initial safety concern was raised due to activation of the HMGAZ2 locus in the
erythroid cells, however it gradually reduced to only 2% to 3% of the circulating
nucleated cells. At 5 years after gene therapy, this patient is transfusion-independent.
One more patient has been enrolled in the program and results are awaited. In the
United States, a phase 1 to 2 B-thalassemia gene therapy trial was started by Sadelain
and colleagues at Memorial Sloan Kettering Institute in 2011; 2 patients received gene-
corrected CD34+ cells and results are awaited. Following successes in B-thalassemia
gene-therapy, similar studies were begun for sickle cell disease. Townes et al.
developed anti-sickling B-globin by introducing three substitutions to the normal B-globin

(T87Q, E22A, and G16D); the recombinant B-globin designated *%* inhibits sickling of
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deoxygenated hemoglobin and also provides a competitive advantage compared with 3-
globin for its interaction with alpha-globin (Levasseur et al. 2004). Correction of the SCD
phenotype in a murine model by expressing B2 with an LV vector was reported for the
first time by Pawlik and colleagues (Levasseur et al. 2003). Recently, Romero and

AS3

group used a LV carrying the recombinant §™>° to show consistent expression of the

modified B-globin and reversal of RBC properties in red cells differentiated from CD34+
cell derived from the bone marrow of a sickle cell disease patient (Romero et al. 2013).
Malik and group will be initiating clinical trials for patients with SCD using a LV vector
carrying the y-globin gene driven by the 3-globin LCR and a 130-bp B-globin promoter
(Perumbeti et al. 2009; Pestina et al. 2009).

Induced pluripotent stem cells (iPSCs) combined with the powerful tool of genome
editing offers many exciting avenues for correcting genetic disorders using autologous
somatic cells. iPSCs offer the advantage of an endless supply of stem cells for genome
editing followed by the possibility to select the ideal clone with safe integration and high-
efficiency expression (Papapetrou et al. 2011). Zinc-finger nucleases (ZFNs),
transcription-activator like nucleases (TALENS) and clustered regulatory interspersed
short palindromic repeat (CRISPR/Cas) endonuclease systems have been used for
genome editing. Proof-of-concept studies have showed ZFN-mediated correction of 3-
thalassemia in human iPSCs (Chang and Bouhassira 2012), in situ ZFN and TALEN
enabled correction of SCD mutation in iPSCs derived from an SCD patient (Sebastiano
et al. 2011) and correction of the sickle cell mutation in HBB gene in human iPSCs
using TALENSs and piggyBac transposon (Sun and Zhao 2014). A very recent study

published correction of B-thalassemia causing HBB mutations in patient-derived iPSCs
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using CRISPR/Cas9 and piggyBac technologies (Xie et al. 2014). Although the genome
editing approach is very promising, more work is needed to establish the safety and

efficacy of these methods in gene therapy.

V. Human B-globin gene regulation

Molecular therapies which target developmental silencing of the fetal y-globin gene are
also promising because they pose less toxicity and better effectiveness, which
necessitates a detailed understanding of the process of hemoglobin switching. Various

regulators of the human B-globin gene locus are discussed in detail.

A. Cis-acting sequences

The locus control region was first identified as DNase-1 hypersensitive sites located
approximately 6 to 20 kb upstream of the B-globin genes and necessary for expression
of the B-globin genes. The LCR consists of 5 DNAse-I hypersensitive sites and each HS
has a core sequence approximately 250 bp long which contains motifs for binding of
various transcriptional factors. It was initially proposed through studies in transgenic
mice that the LCR was required for opening the B-globin gene locus and for its active
transcription (Grosveld et al. 1987), however it was later shown that the LCR is primarily
required for high level expression of the B-globin genes (Bender et al. 2000). The LCR
confers lineage-specific expression of the B-globin genes while also acting as an
enhancer of the B-globin locus promoting its high expression and serving as an insulator
for the locus to protect it from surrounding heterochromatin (Grosveld et al. 1987). Of

the 5 HSs, HS2 is important for the position independent activity of the LCR (Collis,
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Antoniou, Grosveld 1990), whereas HS3 is essential for its enhancer activity (Ellis et al.
1996).

Studies in transgenic mice have identified two potential mechanisms for the function of
LCR in regulating expression of the 3-globin gene locus: Gene competition (Behringer
et al. 1990; Enver et al. 1990) and Autonomous silencing. The competitive mechanism
(also called chromosome looping) suggests that specific genes from the 3-globin gene
locus preferentially interact with the LCR at a given developmental stage depending on
its proximity to the LCR, leading to its active transcription. The y- and 3-globin genes
compete with the LCR during fetal and adult erythropoiesis such that during the fetal
stage there is preferential interaction between the y-globin gene and the LCR whereas
in the adult stage the LCR interacts with the B-globin gene, silencing the y-globin gene.
The autonomous silencing mechanism suggests that all factors necessary for turning off
gene expression are available within the canonical gene or nearby sequences (Raich et
al. 1990). The ¢-globin gene is highly regulated by autonomous gene silencing by
various stage-specific factors (Raich et al. 1990). Autonomous silencing is the primary
mechanism that turns off y-globin gene expression in adult erythropoiesis; competition
by the B-globin gene also has a contributory effect (Dillon and Grosveld 1991). The -
globin gene is mainly regulated by chromatin looping leading to its robust expression in

adult erythropoiesis (Dillon and Grosveld 1991).
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B. Trans-acting factors:

GATA1 and FOG1:

GATAL is a central regulator of essential genes involved in erythropoiesis. GATAL
knockout mice die during gestation at E12.5 due to ineffective hematopoiesis in the yolk
sac (Takahashi et al. 1997); GATAL null-cells of primitive or definitive lineage fail to
develop beyond the pro erythroblast stage (Fujiwara et al. 1996). GATA1 was among
the first factors to be identified to have a role in hemoglobin switching through its
binding at the B-globin gene locus (Evans and Felsenfeld 1989; Martin, Tsai, Orkin
1989; Tsai et al. 1989). GATAL may be involved in hemoglobin switching through
facilitating a chromatin loop formation between Kit and 3-globin gene (Jing et al. 2008;
Vakoc et al. 2005).

A SNP located 567 base-pairs 5’ to the Gy globin gene was identified in an Iranian-
American family that showed heredity persistence of fetal hemoglobin (Chen et al.
2008). This SNP disrupted the GATA-binding motif in the far upstream promoter of the
Gy-globin gene, and a similar SNP is also present in the Ay-globin gene located at 566
base-pairs upstream (5’) to Ay-globin start site (Harju-Baker et al. 2008). Disruption of
the -566 Ay GATA-binding site in B-YAC transgenic mice caused elevated expression of
fetal hemoglobin in adult mice. Later, Mi23 was identified to be an essential component
for gene repression at this site (Costa et al. 2012). GATAL has been shown to function
as a transcriptional activator as well repressor in erythroid cells through interaction with
its cofactor Friend of GATAL (FOG1) and the MeCP1 complex (Miccio et al. 2010;

Miccio and Blobel 2010; Rodriguez-Paredes and Esteller 2011).
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FOG1 is a zinc finger protein which is critical to the function of GATAL and important for
the normal differentiation and maturation of megakaryocytic and erythroid precursor
cells (Tsang et al. 1998). Fogl knockout mice die due to fatal anemia at E10.5-11.5,
similar to GATA1 knockout mice (Tsang et al. 1998). The functional interaction between
GATAL and FOGL is highlighted by a mutation in the N-terminal zinc-finger of GATA1
that impairs FOGL1 binding; patients and mice with this mutation suffer from severe
anemia (Hong et al. 2005). The N-terminal region of FOGL1 recruits the NuRD co-
repressor complex to mediate the transcriptional repression by GATAL; mutation of the
residues critical for interaction between FOG1 and NuRD impairs its gene repression

activity as well repression by GATAL (Hong et al. 2005).

BCL11A , HBS1L-MYB and miRNAs-15a and 16-1:

Because hereditary persistence of fetal hemoglobin is a quantitative trait, genome-wide
association studies were applied in subjects with and without B-hemoglobinopathies, to
identify novel regulators of the y-globin gene. These studies identified common variation
at two loci beyond the B-globin gene cluster, BCL11A on chromosome 2 (Lettre et al.
2008; Menzel et al. 2007; Uda et al. 2008) and the HBS1L-MYB intergenic region on
chromosome 6 (Thein et al. 2007; Thein et al. 2009). Variants at these two loci are also
associated with severity of the B-globin disorders, with higher levels HbF associated
with milder phenotypes. BCL11A is a zinc finger protein and functions as a
transcriptional repressor. Bcllla knockout mice show impaired silencing of endogenous
murine embryonic globin genes and the transgenic human fetal globin genes (Sankaran

et al. 2009). Knockdown of BCL11A in primary human erythroid cells show elevated
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expression of the y-globin gene, thus establishing a role for BCL11A in maintaining
repression of the y-globin gene in adult erythroid cells (Sankaran et al. 2008). BCL11A
interacts with many transcriptional regulators like GATAL, FOG1, SOX6, other erythroid
transcription factors and the NuRD complex to bring about silencing of the murine
embryonic and human fetal globin genes (Xu et al. 2010). BCL11A exerts its repressive
effects in part by occupying critical sites in the B-globin gene locus (intergenic 8-
sequences which are deleted in HPFH), which promote long-range interactions between
the LCR and the B-globin gene, at the expense of the y-globin genes (Xu et al. 2010).
Recent studies have identified a developmental stage-specific erythroid-lineage
restricted enhancer of BCL11A through analysis of SNPs in regulatory DNA elements
such that loss of this enhancer results in absence of BCL11A expression in erythroid
cells. Common genetic variants of this enhancer display modestly reduced BCL11A
expression, transcription factors GATAL and TALL1 binding and increased HbF (Bauer et
al. 2013).

The HBS1L-MYB locus regulates the y-globin gene primarily through the effect of MYB
(Jiang et al. 2006; Wahlberg et al. 2009). c-MYB is a hematopoietic transcription factor
essential for definitive hematopoiesis, is highly expressed in hematopoietic stem cells
and progenitors and its expression reduces as the erythroid cells mature (Vegiopoulos
et al. 2006). Knockdown of MYB in primary adult human erythroid cells has been shown
to increase HbF expression, possibly through its activation of KLF1/BCL11A and
TR2/TR4 pathways (Suzuki et al. 2013). A recent study analyzed several HBS1L-MYB

intergenic variants and showed that these variants reduce critical transcription factor
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binding, affecting long-range interactions by MYB and also MYB expression levels
(Stadhouders et al. 2014).

Trisomy of chromosome 13 is one of the few viable trisomies and is associated with a
delayed fetal-to-adult hemoglobin switch and persistent elevated expression of HbF.
Analysis of cases of partial trisomy 13 using an integrated genomic approach identified
a precursor RNA (DLEUZ2) for two microRNAs, 15a and 16-1, with identical seed
targeting sequences as the top candidate in the region of 13g14. Increased expression
of miR-15a/16-1 in hematopoietic progenitor cells caused a modest increase in y-globin
gene expression. This effect was shown to be mediated via the MYB gene, wherein

MYB was identified as a direct target of the miR-15a/16-1(Sankaran et al. 2011).

SOX6:

SOX6 is a member of the Sry-related high-mobility-group (HMG) box transcription
factors which serve as important regulators of cell fate and differentiation in various
lineages. The role of SOX6 in globin gene regulation was first identified in Sox6
knockout mice; these mice show increased expression of embryonic gy-globin gene in
the fetal livers, while the Bh1l gene was rapidly down-regulated. Sox6 represses the ey-
globin gene by directly binding at its promoter region (Yi et al. 2006). Sox6 has been
suggested to enhance erythroid differentiation by stimulating erythroid survival,
proliferation and terminal maturation (Dumitriu et al. 2006). A role for SOX6 in human
globin gene regulation has not been elucidated yet, however recent studies in human
erythroid progenitors has suggested a correlation between varying levels of SOX6 and

the expression of the y-globin gene (Sripichai et al. 2009). SOX6 has also been shown

26



to co-occupy the B-globin gene locus with BCL11A and silence the expression of y-
globin gene in adult erythroid cells (Xu et al. 2010). Knockdown of SOX6 in these adult
erythroid cells demonstrated that SOX6 has a modest contribution in maintaining
silencing of the y-globin gene in the adult erythroid cells (Xu et al. 2010). The exact
mechanism of transcriptional repression of the y-globin gene by SOX6 is not known,
however the Sox family of transcription factors interact with the minor groove of DNA
and may effect conformational changes in DNA. Thus SOX6 may function as an
architectural protein by enabling long range DNA interactions along the 3-globin locus

and assembling local chromatin structures with multi-protein complexes.

KLF1:

KLF1 (Kruppel-like factor 1), also known as EKLF (Erythroid Krippel-like factor),
belongs to the Kruppel-like zinc-finger containing family of transcription factors. KLF1
was first identified in a subtractive hybridization screen for genes highly expressed in
erythroid vs. myeloid lineages (Miller and Bieker 1993). KLF1 has been shown to play
critical roles in erythropoiesis and 3-globin gene regulation (Miller and Bieker 1993;
Nuez et al. 1995; Perkins, Gaensler, Orkin 1996; Wijgerde et al. 1996). KLF1" mice
show severe anemia and death in utero at E14.5 during development (Nuez et al.,
1995). KLF1 has been shown to bind the CACCC binding motif in the proximal promoter
of the B-globin gene and the HS sites, HS1, HS2 and HS4, in the -globin LCR in vivo
(Miller and Bieker 1993). Studies by Borg et al. linked a mutation in the first C2H2 zinc-
finger of KLF1 to HPFH in a Maltese family; individuals heterozygous for this mutation

showed up to 19.5% expression of HbF into adulthood (Borg et al. 2010). Other
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mutations in the KLF1 gene promoter and another mutation affecting its splicing have
been identified, both of which cause haploinsufficiency of KLF1 and elevated expression
of HbF, suggesting a critical role of KLF1 in hemoglobin switching (Gallienne et al.
2012; Radmilovic et al. 2013; Satta et al. 2012; Singleton, Frayne, Anstee 2012).
Haploinsufficient KIf1 transgenic mice carrying the human B-globin gene locus show
elevated HbF without a significant change in -globin expression and erythropoiesis, an
effect that is mediated by KIf1 binding the Bcllla promoter and acting as a positive
regulator of Bcllla (Zhou et al. 2010). Interestingly, KIf1(wt/ko)::Bcll1la(cko/cko) mice
also show increased expression of murine embryonic genes and human y-globin gene
during fetal development. However, after birth these fetal and embryonic globin genes
show a significant reduction in expression, being maintained at modestly higher levels
than control mice during adult life, possibly because of a role of other transcriptional
repressors of the embryonic and fetal B-type globin genes in adulthood (Esteghamat et
al. 2013). Thus, two possible mechanisms have been suggested for regulation the fetal-
to-adult hemoglobin switch by KLF1: a) Preferential activation of the adult B-globin
genes by establishing an adult stage-specific three-dimensional locus configuration
through chromatin looping; and b) Indirect repression of the fetal y-globin gene by
activation of transcription factors like BCL11A which serve as repressors of y-globin

gene expression.
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NF-E4:

NF-E4 was identified as a regulator of the chicken B-globin gene through its interaction
with the stage specific element (SSE) in the chicken B-globin gene promoter (Zhou et
al., 2004). It was later characterized as a member of the stage selector protein (SSP)
heterodimeric complex which also contains the ubiquitous transcription factor CP2
(Zhou et al. 2004). Several SSP binding sites were identified in the HS2, HS3, €-globin
promoter and in an HPFH point mutation, which implicated a role for p22-NF-E4 (human
homologue of chicken NF-E4) in human y-globin gene regulation. Enforced expression
of p22-NF-E4 in 3-YAC transgenic mice caused a delay in the switch from fetal to adult
glob in genes, however the switch was eventually completed in the adult bone-marrow.
Enforced expression of a short isoform of NF-E4 (p14-NF-E4) in human erythroid
progenitor cord blood cells was reported to reduce the expression of the fetal y-globin

gene (Zhao et al. 2006).

PRMT1/5:

Protein arginine methyltransferase 5 (PRMT5) induces a repressive histone mark
H4R3me2s, which serves as a template for binding of DNMT3A and subsequent DNA
methylation (Zhao et al. 2009a). Reduction of PRMT5 or its enzymatic activity leads to
increased expression of the y-globin gene (Rank et al. 2010a). PRMT5 has also been
reported to occupy the y-globin gene promoter and its enzymatic activity is critical in
recruiting a multi-protein repressive complex to the y-globin promoter, an event which
induces various repressive epigenetic marks. Disruption of this multi-protein complex

results in reactivation of the fetal y-globin gene (Rank et al. 2010a).
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FOP:

Friend of PRMT1 (FOP) is a chromatin factor important in transcriptional regulation,
including estrogen-dependent gene induction in breast cancer cells (van Dijk et al.
2010). It is a target of methylation by PRMT1 and PRMT5 arginine methyltransferases.
Knockdown of FOP in murine fetal liver cells and human erythroid progenitor cells
shows increased expression of the y-globin gene (van Dijk et al. 2010). The exact
mechanism of action of FOP in y-globin expression is not clear, although it is presumed

to function as a target for PRMT mediated regulation of the y-globin gene.

DRED, TR2/TR4 and LSD1:

The embryonic and fetal globin genes, but not the adult -globin genes, contain direct
repeat (DR) elements in their promoters which serve as binding sites for non-steroidal
nuclear receptors. Numerous mutations in the Gy and Ay globin gene promoter DR
elements have been associated with specific HPFH phenotypes. Introduction of these
DR element promoter mutations in 3-YAC transgenic mice leads to increased
expression of the respective - and y-globin genes. In an attempt to identify potential
repressive proteins that may bind these DR cis elements, the DR-element binding
protein was identified as a complex between the erythroid-specific transcription factor
NF-E3 and a member of the COUP transcription family member COUP-TFII. Named the
DR-element erythroid specific (DRED) complex hereafter, this complex was
characterized to be composed of a heterodimer of the orphan nuclear receptors
TR2/TR4 (Tanimoto et al. 2000). TR2 and TR4 bind the DR1 sites in the embryonic ¢-

globin gene promoter and the single DR1 site in the fetal y-globin gene promoter
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(Tanabe et al. 2002). Silencing of the embryonic and fetal globin genes was shown to
be delayed in Tr2 and Tr4 null mice (Tanabe et al. 2007), however paradoxically, forced
over expression of TR2 and TR4 in mice also lead to induction of the fetal globin gene
and a modest alleviating effect in the phenotype of SCD mouse model (Campbell et al.
2011; Tanabe et al. 2007). The mechanism of action underlying this phenomena is yet
unknown, but two possible explanations have been proposed: 1. The over-expression
of TR2 and TR4 may inhibit formation of the DRED complex due to limited availability of
one or more of the DRED complex co-factors 2. TR2 and TR4, in addition to being
repressors, may function as activators of the fetal gamma-globin gene by association
with other cellular activators like PGC-1.

TR2 and TR4 associate with co-repressors DNMT1 and LSD1 (lysine-specific
demethylase 1) which form a core heterotetrameric complex (Cui et al. 2011). LSD1
removes methyl-groups from mono- and dimethyl histone H3 lysine 4 which is an

activating epigenetic mark. Knockdown of LSD1 in primary adult human erythroid cells
can modestly activate y—globin gene expression, however LSD1 is important for normal
erythroid differentiation and LSD1 knockdown erythroid cells show delayed erythroid
differentiation (Xu et al. 2013). Pharmacologic inhibition of LSD1 by Tranylcypromine

(TCP)- a monoamine oxidase inhibitor was also shown to induce y—globin gene

expression in vitro and in vivo (Shi et al. 2013), however it poses the risk of

hematopoietic toxicity and significant side effects. Next generation TCP compounds

such as could be tested for better efficiency in y—globin gene induction with fewer side
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effects. However, its application may be limited due to the importance of LSD1 in

normal hematopoiesis.

Ikaros:

The transcription factor lkaros (also known as Lyf-1) is a nuclear regulator that has been
implicated in control of early hematopoiesis. Ikaros is associated with the chromatin
remodeling PYR complex which binds the intergenic region between y- and B-globin
genes that is involved in regulating the fetal-to-adult hemoglobin switch (O'Neill et al.
2000). The PYR complex consists of the NURD and SWI/SNF chromatin remodeling
complexes (O'Neill et al. 2000). Ikaros null mice show a modest delay in silencing of the
murine embryonic globin genes and the human fetal globin genes in transgenic mice
carrying the human B-globin mini locus, possibly due the absence of the PYR complex
(Lopez et al. 2002). Mice carrying a specific mutation in Ikaros in the third zinc finger of
its N-terminal domain show severe anemia and die between E15.5 to E17.5 due to

failure in normal erythroblast growth and differentiation (Dijon et al. 2008).

Mi2:

Mi2(, the chromatin remodeling component of the NURD complex, belongs to the SNF2
family of DNA helicases (Eisen, Sweder, Hanawalt 1995). In addition to the NuRD
complex, it is also a component of the PYR complex which has been associated in
regulating the hemoglobin switch (O'Neill et al. 2000). Recent studies by our lab
established a role for Mi2f3 in regulation of the fetal y-globin gene, in part through the

NuRD complex, but largely as a positive regulator of KLF1 and BCL11A proteins such
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that even a partial knockdown of Mi2f3 in primary adult erythroid cells results in ~25% to
30% v/(y+B) globin gene expression and 13.2% HbF protein levels as compared to
control cells expressing <1% y/(y+B) globin gene (Amaya et al. 2013). A following study

by another group also identified Mi23 as one of the most potent regulators of HbF in

adult erythroid cells (Xu et al. 2013). However, the therapeutic potential of Mi23 may be

limited by its important roles in normal development.

As can be noted, a complex interplay of several different factors is involved in the

developmental silencing of the fetal y—globin gene in adult erythroid cells. Epigenetics

comprises another layer of regulation of y—globin gene expression.

V. Epigenetics:

Epigenetics (Greek: epi - beyond; genetics) is defined as changes in heritable gene
expression brought about by mechanisms other than the canonical changes in the DNA
sequence. These changes can involve chemical modifications to DNA or the proteins
that closely interact with the DNA and a newly emerging field of functional non-coding
RNA has also gained recognition as an epigenetic mechanism. Epigenetic mechanisms
have been implicated in various biological processes, including both normal
developmental processes like genomic imprinting, X-chromosome inactivation and
cellular differentiation and pathological phenomena like imprinting disorders, cancer and
developmental abnormalities. DNA methylation and histone modifications are the most
extensively studied mechanisms; many therapeutics like 5-azacytidine and HDAC

inhibitors targeted at these mechanisms have been clinically explored.
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Figure 5. Trans-acting factors regulating hemoglobin switch. The switch from fetal (HbF) to adult
(HbA) hemoglobin is regulated by various transcription factors and cofactors. Regulators of this process
constitute potential therapeutic targets for patients with major hemoglobin disorders. Positive and
negative interactions are denoted by printed and blunt arrows, respectively. Adapted from Xu, Bauer and
Orkin 2011.
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A. DNA Methylation:

DNA methylation involves addition of a methyl moiety to the 5th carbon of a cytosine
residue in the DNA backbone. DNA methyl transferase enzymes are the epigenetic
writers that establish the DNA methylation signature of genes and include the well
characterized DNMT1 and DNMT3A and DNMT3B. DNMT1 is the maintenance
methylase which adds a methyl moiety to the symmetric CpG on hemimethylated DNA
during DNA replication. DNMT3A and DNMT3B are de novo methylases which
symmetrically add a methyl group to unmethylated DNA (Kim, Samaranayake, Pradhan
2009). CpG dinucleotides are methylated throughout the genome at ~70-80% of CpG
cytosines (Jabbari and Bernardi 2004), however there are clusters of non-methylated
“CpG-islands” which are present in the promoter regions of 60-70% of all human genes
(Saxonov, Berg, Brutlag 2006). Differential methylation of these CpG islands plays a
regulatory role in developmental as well as tissue-specific genes (Deaton and Bird
2011). Aberrant methylation of CpG islands of tumor suppressor genes also has been

shown to lead to carcinogenesis (Esteller 2008).

i. Methyl Cytosine Binding Proteins:

The DNA methylation signature of chromatin is read by the methyl-CpG binding domain
(MBD) containing family of proteins. These proteins bring about repression of their
target genes by recruiting associated co-repressor complexes containing histone
deacetylase and nucleosome remodeling activities or by directly inhibiting interaction
with the transcriptional machinery (Figure 6). MeCP2 was the founding member of the

MBD family of proteins; later MBD1, MBD2, MBD3 and MBD4 were also identified as
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members of this family of proteins (Hendrich and Bird 1998; Lewis et al. 1992). The
structures of these proteins bear little resemblance to each other outside of their ~75
amino acid MBD motif. Another group of proteins known as the Kaiso and Kaiso-like
proteins (ZBTB4 and ZBTB38) recognize and bind methyl cytosine residues through
their conserved zinc finger motifs in a sequence specific manner (Filion et al. 2006;
Prokhortchouk et al. 2001).

MeCP2: MeCP2 has been characterized to be an intrinsically disordered protein and
mutations in all of its 6 domains are known to cause the X-linked condition Rett
syndrome (Miltenberger-Miltenyi and Laccone 2003). The MBD of MeCP2 can
recognize and bind even a single methylated CpG and through its transcriptional
repression domain (TRD) it recruits the SIN3A co-repressor complex containing histone
deacetylases (Jones et al. 1998; Nan et al. 1998). Although MeCP2 plays a vital role in
neurological development, Mecp2-/- female mice are viable and born normal but
progressively develop symptoms of Rett syndrome (Guy et al. 2001).

MBD1: MBD1 has been shown to bind mCpG residues as well as unmethylated DNA
based on its alternatively spliced isoform and has been shown to interact with co-
repressor proteins SETDB1, MCAF, HDAC3 and MPG through its TRD (transcriptional
repression domain) (Fujita et al. 2003; Nakao et al. 2001; Sarraf and Stancheva 2004).
MBD1 null mice also have no developmental defects except minor neural defects and
reduced genomic stability (Zhao et al. 2003). The C-terminus of MBD1 (MBD1-c) was
recently shown to be intrinsically disordered but it governs selective interaction of MBD1

with its co-repressors proteins (Hameed et al. 2014).
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MBD2 and MBD3: Early studies of the MBD2 and MBD3 proteins in transgenic mice
revealed that Mbd2-/- mice were viable and fertile with a defect in maternal nurturing
whereas Mbd3-/- mice were embryonic lethal, indicating non-overlapping functions of
the MBD2 and MBD3 proteins in developmental gene regulation (Hendrich et al. 2001).
MBD2 and MBD3 proteins share ~70% sequence homology and both proteins are
highly expressed across various tissues types in adult mice as well as during
embryogenesis (Hendrich and Bird 1998). MBD2 specifically binds to methylated DNA
in vitro and in vivo (Hendrich and Bird 1998) and its binding orientation and affinity is
influenced by the DNA sequence adjacent to the central mCpG (Scarsdale et al.
2011a). All MBD proteins except MBD3 have been shown to bind methyl-CpG residues,
although with varying affinities; MBD3 has a sequence variation in its conserved MBD
which impairs its ability to interact with methylated DNA (Hendrich and Bird 1998).
MBD3 was shown to have high affinity for hydroxy-methylated DNA, however these
studies may require further work to draw a stronger conclusion (Baubec et al. 2013;
Yildirim et al. 2011). Recent work has shown that MBD3 preferentially localizes to
methylated CpGs and to a lesser extent to non-methylated CpGs, while it does not
distinguish between hydroxy-methylated and non-methylated DNA (Cramer et al. 2014).

MBD4: MBD4 binds to methylated DNA but is primarily involved in identifying T:G
mismatches caused by deamination of the cytosine residue in mCpG dinucleotides and
brings about DNA repair through its DNA glycosylase activities (Hendrich et al. 1999;
Petronzelli et al. 2000). MBD4 deficient mice are viable and fertile, but display increased

mutability in CG -> TA transitions at CpG sites (Millar et al. 2002).
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Figure 6. The role of DNA methylation in gene silencing. During development, a number of CpG rich
promoter regions are methylated by DNMT enzymes. DNA methylation hampers RNA Pol Il from
advancing. DNA methylation also recruits methyl-binding domain proteins such as MBD2 and silencing
complexes such as NuRD complex, which in turn alter histone modification patterns, further preventing
gene expression. Adapted from Ginder, Gnanapragasam and Mian 2008.
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Mutations in MBD4 have been reported in 26 to 43% of human colorectal tumors that
show micro satellite instability (Bader, Walker, Harrison 2000; Riccio et al. 1999).
Likewise, MBD4 deficient mice heterozygous for Min allele of adenomatous

Min

polyposis coli gene (Apc™™) show increased mutagenesis due to genomic instability

(Millar et al. 2002).

B. Histone Modifications

Histones are alkaline proteins that package and order DNA into structural units called
nucleosomes. There are five major categories of histones: H2A, H2B, H3 and H4 are
core histones while H1 and H5 are linker histones. Histones allow regulation of gene
expression by undergoing various histone modifications like acetylation, methylation,
phosphorylation, SUMOylation, ubiquitination and ADP-ribosylation. These
modifications are added to the N-terminal tails of histones through post translational
modifications by specific enzymes. Histone acetylation and methylation are among the
most well characterized modifications. Trimethylation of H3K4, H3K36 and H3K79 are
associated with actively transcribed genes whereas trimethylation of H3K9, H3K27 and
H4K20 have been associated with transcriptionally silenced genes. Similarly, histone
acetylation is a mark of euchromatin where histone deacetylation is associated with
heterochromatin. Combinations of such modifications are known to constitute the
histone code. The histone code is recognized by large number of multi-protein
complexes which are involved in functions like DNA repair, gene regulation,

chromosome condensation and others.

39



In regulation of the B-globin gene locus, histone methyltransferases PRMT1 (van Dijk
et al. 2010) and PRMT5 (Rank et al. 2010b; Zhao et al. 2009b) have been extensively
studied. Lysine-specific demethylase 1 (LSD1) has also been identified as a silencer of
the y-globin gene in adult erythroid cells (Shi et al. 2013). Histone deacetylase inhibitors
have a promising role in reactivation of HbF and recent studies have identified specific

inhibitors of HDAC1 and HDAC?2 as y-globin gene inducers (Bradner et al. 2010).

C. MicroRNAs

MicroRNAs are endogenous ~22 nucleotide non-coding RNAs that have functional roles
in gene regulation through mRNA cleavage or translational repression. The human
genome codes for over 1000 miRNAs which may target about 60% of human protein-
coding genes. miRNAs identify their target genes through a complementary 6-8
nucleotide sequence known as the “seed sequence”. The seed sequence may lie in the
5-UTR, 3’-UTR or the coding region of the target gene. Several target prediction
algorithms have been developed to identify putative targets of the currently known
mMiRNAs in different species. Recently discovered functions of miRNAs include DNA
repair, cell proliferation and cell death, modulation of hematopoietic lineage
differentiation in mammals and others.

MiRNA biogenesis and processing are represented in Figure 7. miRNA genes are often
intergenic; about 40% of miRNA genes may lie in the introns of protein and non-protein
coding genes and are often transcribed together with their host gene. About 42-48%

mMiRNAs are transcribed from a polycistronic unit encoding multiple discrete loops for
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Figure 7. MicroRNA Biogenesis. MicroRNA (miRNA) genes are generally transcribed by RNA
Polymerase Il (Pol II) in the nucleus to form large pri-miRNA transcripts, which are capped ("MGpppG)
and polyadenylated (AAAAA). These pri-miRNA transcripts are processed by the RNase Ill enzyme
Drosha and its co-factor, Pasha, to release the = 70-nucleotide pre-miRNA precursor product. RAN-GTP
and exportin 5 transport the pre-miRNA into the cytoplasm. Subsequently, another RNase Ill enzyme,
Dicer, processes the pre-miRNA to generate a transient =~ 22-nucleotide miRNA:miRNA" duplex. This
duplex is then loaded into the miRNA-associated multiprotein RNA-induced silencing complex (miRISC)
(light blue), which includes the Argonaute proteins, and the mature single-stranded miRNA (red) is
preferentially retained in this complex. The mature miRNA then binds to complementary sites in the
MRNA target to negatively regulate gene expression in one of two ways: 1. miRNAs that bind to mRNA
targets with imperfect complementarity block target gene expression at the level of protein translation
(lower left). Complementary sites for miRNAs using this mechanism are generally found in the 3'
untranslated regions (3' UTRS) of the target mRNA genes. 2. miRNAs that bind to their mRNA targets
with perfect (or nearly perfect) complementarity induce target-mRNA cleavage (lower right). miRNAs
using this mechanism bind to miRNA complementary sites that are generally found in the coding
sequence or open reading frame (ORF) of the mRNA target. Adapted from Winter et al, 2009.
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several mature miRNAs to be processed. Most miRNA genes are transcribed by RNA
polymerase Il and undergo processing stages from primary miRNA in the nucleus to
precursor miRNA in the nucleus and precursor-miRNA to mature miRNA in the
cytoplasm. This miRNA processing is mediated by the RNA-induced silencing complex
(RISC) containing Drosha and many other proteins. MiRNA expression is also subject to
various transcriptional regulatory mechanisms and its dysregulation has been reported
to be causative for several pathophysiological conditions; cancer, heart disease,
nervous disorders, obesity and also inherited disorders are some examples (Ardekani

and Naeini 2010).

D. NuRD complex:
The nucleosome remodeling and histone deacetylase complex is an epigenetic

regulator of gene expression. It is one of the four major types of ATP-dependent
chromatin remodeling complexes. The NuRD complex was first purified over a decade
ago in cells of different species and is the only multi-protein complex that couples two
independent chromatin modifying enzymatic activities: 1) nucleosome remodeling
brought by the chromodomain-helicase-DNA-binding protein 3 (CHD3; Mi2a) and CHD4
(Mi2B) subunits which have ATPase-dependent chromatin remodeling activity and
which fall within the subclass of the SWI/SNF family and 2) protein deacetylation
brought about by the histone deacetylases HDAC1 and HDAC2. Other non-enzymatic
subunits of the complex include the retinoblastoma-binding protein 4 (RBBP4, also
known as RbAp48) and RBBP7 (also known as RbAp46) which directly bind core

histones; the GATAD2A (p66a) and GATAD2B (p663) proteins which interacts with
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MBD2/3 and also recruits Mi2a/f3 proteins to the NuRD complex; both RbAp46/48 and
p660a/B proteins serve important roles as structural units of the complex too. The MTA
family of proteins - MTA1/2/3 are also core components of the NURD complex with
potentially unique roles in transcriptional regulation, given cell- and tissue-type
specificity (Figure 8). All of these components associate with a member of the MBD
family of proteins, MBD2 or MBD3. The MBD2 and MBD3 subunits have been shown to
associate with mutually exclusive NURD complexes and have recently been implicated
in fundamentally different transcriptional regulatory processes. Early studies of the
MBD2 and MBD3 proteins in transgenic mice revealed that Mbd2-/- mice were viable
and fertile with a defect in maternal nurturing whereas Mbd3-/- mice were embryonic
lethal, indicating non-overlapping functions of the MBD2/3 proteins in developmental
gene regulation (Hendrich et al. 2001).

In addition to these six core subunits, a large number of proteins have been shown to
interact with the NuURD complex, such as GATA1/FOG1, BCL11A, LSD1 etc (Sankaran,
Xu, Orkin 2010a; Xu et al. 2013). Such a combinatorial assembly of non-enzymatic
subunits in the NuRD complex has been proposed to be the fundamental mechanism

conferring functional specificity to the NuRD complex.
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Figure 8. The MBD2/NuRD co-repressor complex. Densely methylated DNA is able to recruit methyl-
binding domain protein 2 (MBD2) as well as the NuRD complex. Mi2 confers chromatin remodeling
function to the complex. MTA2 and p66 act as transcriptional repressors. The histone deacetylase activity
is mediated by HDAC1 and RbAp48 which is a histone-binding protein.
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i. MBD2-NuRD Complex in normal development

MBD2 recruits the nucleosome remodeling and deacetylase (NuRD) complex which
was first identified as a multi-protein complex known as MeCP1 (Ng et al. 1999).
MeCP1 was shown to bind >12 methylated CpG dinucleotides, irrespective of the
sequence context and its transcriptional repression was found to be correlated with
methylation density. MBD2 was identified to be the methyl-DNA binding component of
MeCP1 (Feng and Zhang 2001; Ng et al. 1999). The MBD2-NuRD complex has been
isolated from cell lines and primary cells and consists of at least one component each of
RbAp46/48, HDAC1/2, MTA1/2/3, p66a/B, Mi-2a/f and MBD2 (Feng and Zhang 2001,
Kransdorf et al. 2006). MBD3 was also identified as a part of this complex initially,
however later studies identified MBD2-NuRD and MBD3-NuRD as distinct complexes
(Le Guezennec et al. 2006).

Studies of MBD2-/- knockout mice suggested that MBD2 was not required for
embryonic development since MBD2-/- mice are viable, fertile and of normal
appearance, although MBD2-/- mothers display abnormal nurturing behavior (Hendrich
et al. 2001). They do not show any defects in DNA methylation or imprinting of genes,
however cell lines generated from MBD2-/- knockout mice were unable to repress
methylated reporter genes as effectively as wild-type and heterozygous mice.

Kersh et al. showed MBD2 plays a role in the differentiation of naive CD8+ T cells into
effector and memory cells (Kersh 2006). MBD2-/- knockout mice also display
disoriented differentiation of helper T-cells which show mis-expression of interleukin 4
and interferon y; interleukin 4 and interferon y are expressed mutually exclusively in Thl
and Th2 populations, however Mbd2-/- mice show simultaneous expression of both

cytokines in their T helper cells, which ultimately leads to altered immune responses in
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the Mbd2-/- mice. Gene expression analysis of differentially regulated genes in the gut
of Mbd2-/- mice identified abnormally high expression of exocrine pancreatic genes in
the colon of these animals. The exocrine pancreatic genes code for digestive enzymes
which are normally expressed in the duodenum and pancreas only (Berger et al. 2007).
MBD2 deficiency also causes slightly elevated expression of Xist in SV-40 transformed
fibroblast cell lines derived from the tail of knockout mice and add back of exogenous
Mbd2 was able to recover the repression of the Xist gene (Barr et al. 2007). The Xist
gene produces a non-translated RNA that localizes to the inactive X-chromosome from
which it is transcribed and is responsible for cis-inactivation of the X-chromosome.
MBD2 has also been shown to affect the development of olfactory receptor neurons
by controlling the expression of differentiation stage specific genes. Loss of Mbd2
results in the dysregulation of adult olfactory epithelium progenitor-driven neurogenesis,
compromised olfactory receptor neuron survival, and prolonged deficits in the

organization of olfactory receptor neurons synaptic fields (Macdonald et al. 2010).

ii. MBD2-NuRD Complex in Tumorigenesis:

min/+

Loss of MBD2 has been shown to strongly suppress adenoma formation in Apc mice
(Sansom et al. 2003). Apc™™* mice are heterozygous for a mutation in the tumor
suppressor APC (adenomatous polyposis coli) which leads them to develop multiple
intestinal neoplasias. MBD2 binds to and silences the expression of the Lect2 gene
whose product is a negative regulator of the Wnt signaling pathway. Thus loss of MBD2

attenuates Wnt signaling and up regulates the Lect2 gene product, which in turn

suppresses formation of intestinal neoplasms in Apc™"* mice (Phesse et al. 2008).
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MBD2 has been shown to bind to 5’ upstream regulatory regions and repress the
expression of tumor suppressor genes pl6 and p14 in human colon cancer cell lines
(Magdinier and Wolffe 2001). p16 is a cyclin-dependent kinase inhibitor found to be
hypermethylated in various malignant tissues and p14/ARF (ARF- alternative reading
frame), a gene located 20kb upstream on chromosome 9p21, has also been found to be
methylated in many carcinomas. Both of these gene products are critical in of major cell
cycle regulatory pathways of p53 and retinoblastoma protein, Rb, respectively. MBD2
also silences the expression of GSTP1 gene in MCF-7 breast cancer cells; GSTP1
encodes the pi-class glutathione S-transferase and is known to be hypermethylated in
cancers of the breast, prostate and liver (Lin and Nelson 2003a). Studies in our lab
identified a direct role of MBD2 in methylation-mediated silencing of tumor suppressor
genes, DAPK1 and KLK10 in MCF-7 breast cancer cells as well as growth suppression
of MBD2 deficient mammary epithelial cell lines in in vivo xenograft tumors in mice

(Mian et al. 2011).

iii. MBD2-NuRD complex in hemoglobin switching:

Globin genes were among the first set of genes in which DNA methylation was shown to
be inversely proportional to gene expression. Previous studies in our lab identified a
critical role for MBD2 in the developmental regulation of the chicken embryonic p-globin
gene and human embryonic €-globin and fetal y-globin genes. The chicken embryonic
p-globin gene becomes highly methylated at the same time that it is transcriptionally
silenced (Singal et al. 1997). Also, a protein complex containing MBD2 was purified

from primary chicken erythrocytes and it was shown to bind the methylated DNA
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sequences proximal to the p-globin gene (Singal et al. 2002). Further purification and
characterization of this complex showed the presence of MBD2, but not MBD3 in the
complex (Kransdorf et al. 2006). These studies were the first to identify a direct role of
the MBD2/NuRD complex in developmental regulation of the B-type globin genes.
These results were followed by crossing transgenic mice bearing a yeast artificial
chromosome with the entire human B-globin gene locus (B-YAC) with MBD2 knockout
mice. Absence of MBD2 led to ~20 to 40% increase in the human fetal y-globin gene
expression (Rupon et al. 2006a) as well as the embryonic e-globin gene (Rupon et al.
2011a) in adult mice. Given that the human B-globin gene locus is CpG sparse, we also
showed that MBD2 does not directly interact with the y-globin gene promoter, thereby
suggesting that MBD2 regulates the expression of this locus via an indirect mechanism.
The role of MBD2 in developmental regulation of the y-globin gene was also studied
in primary adult human erythroid cells. Stable knockdown of MBD2 by ~75% reactivated
expression of the fetal y-globin gene to about 10% of the total B-type globin genes
expressed in terminally differentiated erythroid cells (Amaya et al. 2013). These
promising results reinforced MBD2/NuRD as a potential target for therapeutic
reactivation of the y-globin gene for treatment of 3-hemoglobinopathies. A proof-of-
concept study was conducted by our lab to examine the repressive function of MBD2 by
disrupting its interaction with components of the NURD complex. A small peptide that
interfered with the coiled-coil interaction between MBD2 and p66a dissociated the p66a
and Mi2pB proteins from the NURD complex, resulting in increased expression of the y-
globin gene in adult mouse bone marrow erythroid cells bearing the human 3-globin

gene locus (Gnanapragasam et al. 2011a). These results encouraged studies to disrupt
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other protein-protein interactions within the MBD2/NuRD complex with the potential of

designing similar inhibitory small peptides.

VI. Primary adult human erythroid cells as a model to study hemoglobin
switching :

Cultured primary human erythroid cells derived from CD34+ progenitors serve as a
powerful model to study developmental regulation of the globin genes because they
recapitulate normal adult erythropoiesis at the molecular level (Fibach and Prus 2005;
Pope et al. 2000). A two phase liquid culture differentiation system allows for extensive
proliferation and terminal differentiation of the mobilized bone marrow cells harvested
from the peripheral blood (Amaya et al. 2013). A major challenge in using hematopoietic
stem cells for the study of regulators of the hemoglobin switch is their limited
proliferative capacity, asynchronous differentiation manner and lack of ability to achieve
terminal differentiation of these cells without significantly affecting cell viability in culture.
Human induced pluripotent stem cells (hiPSCs) derived erythroid cells are also being
developed which may overcome the limitations of limited life span and viability of the
primary human erythroid cells and may be used for mass production of erythroid
progenitor cells to study the hemoglobin switch in adult erythropoiesis. Although
significant advances have been made in generating iPSCs from adult somatic cells, the
system is challenged by the fact that iPSC-derived erythroid cells express mainly
embryonic (€) and fetal (y) globins (Chang et al. 2006). Further studies are required to
understand the transcriptional profiles of iPSC-derived hematopoietic cells and their

application in studying human erythropoiesis.
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VIl.  Scope of the thesis
The MBD2-NuRD complex was biochemically characterized in erythroid cells by our lab
and found to contain RbAp46/48, HDAC1/2 and MTA1/2/3 components which form the
histone deacetylase core of the complex and the p66a/p and Mi2a/f3 proteins which
comprise the chromatin remodeling components of the NURD complex, together with
MBD2 which recruits the NURD complex to sites of dense CpG methylation in the
genome (Kransdorf et al. 2006). Little is known about the structural properties and
functional interactions of various components within the MBD2/NuRD complex. The
work presented in Chapter 2 characterizes the structure and function of an intrinsically
disordered region of MBD2, MBD2,pRr, and identifies its important roles in modifying
kinetics of DNA binding and interaction with the histone deacetylase core of the NuRD
complex. A critical contact region for this interaction comprising two contiguous amino

286 and Leu®®” was identified and its functional significance was

acid residues, Arg
examined.
Studies in our lab have also demonstrated a critical role of MBD2 in developmental
silencing of the fetal y-globin gene in adult erythroid cells. However, it is not yet clear
how MBD2, in concert with the NURD complex, brings about this silencing of the fetal y-
globin gene. The MBD2/NuRD complex requires sites of dense CpG methylation for its
interaction with methylated DNA and the human (-globin gene cluster lacks regions of
high CpG density. In continuation of previous work in our laboratory that identified

potential downstream regulators of MBD2 through a microarray screen, the studies

detailed in Chapter 3 of this thesis functionally validate one of these candidate target
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genes and a newly identified miRNA in the transcriptional activation of the fetal y-globin

gene in a human primary adult erythroid model system.

VIIl.  Significance
Currently, not many treatment options are available for patients with 3-
hemoglobinopathies. Blood transfusions and bone marrow transplants are
recommended for a small percentage of patients because of the associated high risks
and complications. Reactivation of fetal hemoglobin (HbF) in adult patients has been
pursued as a therapeutic avenue because of its ameliorating effects in SCD and [3-
thalassemia. The DNA methylation inhibitor 5-azacytidine was tested in preclinical
studies to induce HbF but was abandoned later due to concerns of potential
carcinogenicity. Hydroxyurea - an S-phase specific agent without a primary
hypomethylating effect and tolerable side effects, was later tested in clinical trials and
presently it is the only therapeutic agent available for treatment of sickle cell anemia, but
its effect varies highly in the patients.
Considering the limited efficacy of available treatment options, understanding of the
molecular mechanism of hemoglobin switching will prove rewarding in the development
of targeted therapies for stimulating HbF in adult patients with f-hemoglobinopathies.
Previous work in the lab has identified MBD2 to be involved in developmental silencing
of fetal hemoglobin. The therapeutic significance of MBD2 as a target is underscored by
the observation that MBD2 has a minimal role in normal mammalian development
as seen in MBD2 knockout mice which are viable, fertile and have a minimally abnormal

phenotype.
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Understanding the mechanistic role of MBD2 and delineating its functional interactions
with the NuRD co-repressor complex will facilitate its research as an effective
therapeutic target. Disrupting MBD2-mediated functions will have therapeutic potential
not only in fetal hemoglobin induction in adult patients with B-hemoglobinopathies but
also in the treatment of wide array cancers by de-repression of tumor suppressor genes

targeted by MBD2.
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CHAPTER 2: An Intrinsically Disordered Region of MBD2 recruits the Histone

Deacetylase Core of the NuURD Complex

l. Introduction:

Epigenetic regulation comprises heritable changes in gene expression most commonly
brought about by DNA methylation and histone modifications. The predominant form of
DNA methylation in mammals involves addition of a methyl moiety to the C5 carbon of
the cytosine residue in a cytosine-guanine dinucleotide (CpG) through the enzymatic
activity of DNA methyl-transferases, DNMT1, DNMT3A and DNMT3B (Kim,
Samaranayake, Pradhan 2009). Regions of high CpG density are often associated with
gene promoters (lllingworth and Bird 2009), which remain unmethylated except for a
subset of tissue-specific genes involved in normal differentiation and development
(Berger et al. 2007; Kransdorf et al. 2006; Rupon et al. 2006a; Straussman et al. 2009).
Aberrant hypermethylation of tumor suppressor gene promoters is associated with
oncogenesis in a wide array of tissues (Jones and Baylin 2007). The methyl-CpG
binding domain (MBD) family proteins recognize this methylated mark and repress the
associated genes by recruiting different co-repressor complexes. The MBD family of

proteins
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include the first identified MeCP2 (Meehan et al. 1989) and MBD1, MBD2, MBD3 and
MBD4 (Hendrich and Bird 1998). With the exception of mammalian MBD3, all MBD
proteins bind to methylated DNA although with varying affinities (Cramer et al. 2014).
MBD2 binds densely methylated CpG islands and represses transcription of the
associated genes through recruitment of the NuRD co-repressor complex (Feng and
Zhang 2001). The MBD2-NuRD co-repressor complex from both cell lines and primary
cells has been characterized and is comprised of at least one copy each of the
MTAL1/2/3, HDAC1/2, RbAp46/48, p66a/B, and Mi-2a/f and MBD2 proteins (Feng and
Zhang 2001; Kloet et al. 2014; Kransdorf et al. 2006; Smits et al. 2013). Recent studies
have evaluated the stoichiometry of protein interactions in the NuRD complex (Kloet et
al. 2014; Smits et al. 2013). However much remains to be explored about the nature
and assembly of protein-protein interactions within this complex. Previous work in our
laboratory identified MBD2 as a silencer of the chicken p—globin gene (Gnanapragasam
et al. 2011b; Kransdorf et al. 2006; Singal et al. 2002) as well as murine and human
embryonic and fetal f—type globin genes in adult erythroid cells (Gnanapragasam et al.
2011b; Rupon et al. 2006a). In addition, MBD2 has been implicated in aberrant
silencing of methylated tumor suppressor genes in carcinogenesis (Esteller 2008; Lin
and Nelson 2003b; Magdinier and Wolffe 2001; Mian et al. 2011; Sansom et al. 2003;
Stefanska et al. 2013).

The MBD2 protein consists of an N-terminal glycine-arginine repeat region (GR), a
methyl-binding domain (MBD) which binds in vivo to densely methylated DNA
(Brackertz et al. 2006), an uncharacterized domain of MBD2 (MBD2,pr) and a coiled-coil

domain. In previous work we showed that the C-terminal coiled-coil of MBD2 binds to
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the p66a/B components of NuRD, which contributes to the recruitment of the Mi-2a/f3
proteins and gene silencing. Consistent with these findings, the p66a coiled-coil domain
peptide can bind to native MBD?2 in cells and relieve MBD2-mediated repression of
target genes such as the embryonic and fetal B—type globin genes in adult erythroid cell
culture systems (Gnanapragasam et al. 2011b). This proof-of-concept study
underscored the biological significance of functional disruption of the MBD2-NuRD co-
repressor complex and led us to pursue characterization of other MBD2 mediated
interactions within the NURD complex.

Intrinsically disordered proteins (IDPs) are a rapidly advancing area of research due to
their importance in human biology. Although IDPs lack a stable three-dimensional
structure under physiological conditions, they can serve as hubs of multi-protein
interactions for diverse cellular functions like transcription regulation, chromatin
remodeling and cell signaling because the intrinsic disorder permits transient, low
affinity but high specificity protein-protein and nucleic acid-protein interactions (Tompa
2012). Among the MBD protein family members, the transcription repression domain of
MBD1 (Hameed et al. 2014) and 60% of full-length MeCP2 protein have been identified
to be intrinsically disordered (Adams et al. 2007), even in the presence of their binding
partners.

Having previously determined the structures of the MBD and coiled-coil domains of
MBD2, we present here the unique structural and functional features of the previously
uncharacterized MBD2,pr in collaboration with Dr. David Williams at UNC Chapel Hill
(All biophysical studies were conducted by Dr. David Williams and his research group,

whereas | was involved in biological assays presented in this work). We show that this
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region is intrinsically disordered in isolation and in the context of the full-length protein
bound to DNA, we identify its role in modifying kinetics and affinity of DNA-binding, and
map the critical sites needed for MBD2,pr to recruit the histone deacetylase core
complex within the context of the intact MBD2 protein in cells. We anticipate these
results will facilitate efforts for further biochemical and structural characterization of the
MBD2-NuRD complex and open up avenues to target co-repressor activities of MBD2-

NuRD via disruption of MBD2,pr-mediated interactions with the NuRD complex.

Il. Methods:

Protein expression and purification: Various MBD2 constructs were cloned into a
modified pET32a vector (Cai et al. 2003) including: the MBD2,pr of human (amino acids
238-356) and mouse (amino acids 241-359) MBD2; a single-chain coiled-coil domain
construct (scMBD2-p66a) comprised of the MBD2 coiled-coil domain (amino acids 361-
393), a short GGSG linker, and the p66a coiled-coil domain (amino acids 137-178); and
a full-length MBD2 single-chain construct (MBD2FLsc) comprised of MBD2 (amino
acids 150-393) and the scMBD2-p66a. The resulting plasmids were transformed into
the Rosetta Il (DE3) (Invitrogen) E. coli strain, grown in either Luria Bertani medium
(unlabeled) or M9 minimal media (*3C, **N labeled) and induced with 1mM isopropyl-B-
d-thiogalactopyranoside at an Agypo ~ 0.8 for 2 or 4 hours, respectively. Bacterial pellets
from 1L of growth media were lysed with 30 mL of the B-PER reagent (Thermo
Scientific) and the expressed fusion protein purified by Nickel affinity chromatography.
For analytical ultracentrifugation studies, the fusion protein was further purified by gel

filtration chromatography (Superdex-75 26/60, GE Healthcare). For CD and NMR
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studies, the MBD2,pr was separated from the thioredoxin fusion domain by thrombin
cleavage at room temperature overnight, and further purified by gel filtration (Superdex-
75 26/60, GE Healthcare) and ion exchange (MonoS 10/100, GE Healthcare)
chromatography. The final protein concentration was determined by UV absorbance at

280 nm.

Analytical ultracentrifugation: Protein was buffer exchanged in to 20mM Tris pH 8.0,
150 mM NaCl and sedimentation velocity analyzed at 40,000 rpm, 20 °C on a Beckman
Optima XL-I analytical ultracentrifuge (Beckman Coulter Inc.) equipped with a four and
eight-position AN-60Ti rotor. The sample partial specific volume, buffer density and
viscosity were calculated with the SEDNTERP (Lebowitz, Lewis, Schuck 2002) software
and the effective molecular weight determined by fitting the data to a continuous size

distribution with the SEDFIT (Schuck 2000) software.

Circular dichroism: The MBD2pr Was buffer exchanged into 10 mM NaPQO,, pH 6.5 at
a final concentration of ~33 pg/mL protein. CD spectra were collected from 190-260 nm
(0.5 nm interval, 50 nm/min, 1 cm path length, 20 °C) on a JASCO J-715 CD
spectrometer (JASCO Corp). Helical content for each peptide was calculated as
described previously (Kumita, Smart, Woolley 2000; Walavalkar, Gordon, Williams

2013).

Nuclear magnetic resonance: Uniform **C, *°N labeled protein was buffered

exchanged into 10 mM NaPOy,, pH 6.5, 0.02% sodium, 1mM dithiothreitol, and 10%
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?H,0 and concentrated to 0.5-1 mM. NMR spectra were collected on a Bruker Avance
[l 700 MHz instrument, and data processed and analyzed with NMRPipe (Delaglio et al.
1995) and CcpNmr (Vranken et al. 2005), respectively. Standard double and triple
resonance experiments (*°’N-HSQC, HNCO, HNCACB, CBCA(CO)NH, HBHA(CO)NH,
HN(CA)NNH, HNCACO, CCH-TOCSY, (H)CC(CO)NH, **N-NOESY-HSQC) were
collected and the backbone and sidechain Hyg resonances assigned for mouse
MBD2IDR. Given the sequence identity and similar *>N-HSQC spectra, only HNCO,
HNCACB, and HBHA(CO)NH triple resonance spectra were necessary to propagate
backbone and sidechain Hqg resonance assignments to human MBD2pr. Chemical
shift index analyses were performed with the TALOS-N software to predict secondary
structure formation and order parameters (Cornilescu, Delaglio, Bax 1999; Shen et al.

2009; Shen and Bax 2013).

Cell culture: Human embryonic kidney 293T cells were maintained in Dulbecco’s
modified Eagle’s Medium (DMEM) containing 10% heat inactivated fetal bovine serum
(Hyclone), 2mM L-glutamine and 100 U/mL penicillin and streptomycin. MDA-MB-435
breast cancer cells were maintained in DMEM supplemented with 10% heat inactivated
fetal bovine serum and 100 U/mL penicillin and streptomycin. Cells were cultured at

37°C and 5% CO2.
Co-immunoprecipitation: Various MBD2 constructs were cloned into the pCMVTag2B
(Stratagene) vector in frame with an N-terminal flag-tag sequence. HEK 293T cells were

transfected with the constructs (18 ug plasmid DNA) by calcium phosphate precipitation
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method (Kingston, Chen, & Okayama, 2003) and harvested after 48 hours. Cells were
lysed and immunoprecipitated with anti-flag M2 antibody (Sigma) and mouse IgG
(Santa Cruz) controls according to the Sigma Flag-IPT kit protocol (Sigma-Aldrich, Inc.,
St. Louis, MO). The precipitated proteins were then analyzed for different components
of the MBD2-NuRD complex by western blot using antibodies against RbAp48 (Abcam
ab79416), HDAC2 (Millipore #05-814) and MTA2 (Santa Cruz sc-28731).

For full-length MBD2 pull downs, the cells were lysed in micrococcal nuclease (MNase)
digestion buffer (25mM HEPES-KOH pH 7.6, 100mM NacCl, 5mM MgCI2, 3mM CacCl2,
10% glycerol, 0.2% NP40 and 1X EDTA-free protease inhibitor cocktail (Roche))
followed by MNase digestion using 1500 U/mL of MNase (Worthington Biochemical,
Lakewood, NJ) for 2 hours on ice. Ethidium bromide was then added to the lysate at
300 ug/mL followed by a spin at 10,000xg for 15 mins at 4°C. The supernatant was then

subjected to immunoprecipitation as previously described.

Site-directed mutagenesis: Mutant oligonucleotides targeting the conserved residues
of the 1st and 2nd region of MBD2pr were designed using the QuikChange Primer
Design Program (www.agilent.com/genomics/qcpd). Primers used for mutagenesis are
listed in Table 1. Mutagenesis was carried out per manufacturer’s protocol using the
Quikchange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies, Inc., Santa
Clara, CA). Clones were verified by sequencing and used for transfections.

Sequence Alignments: Protein-coding sequences of MBD2 for different species were
obtained from the NCBI Protein database and aligned using the PRALINE software

(http://www.ibi.vu.nl/programs/pralinewww/).
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Local isoelectric point calculation: Each residue (i) in the protein was assigned a
local isoelectric point (pl) calculated from the amino acid sequence (Bjellgvist et al.
1993) for residues spanning iz7. The pl was calculated using the
SequUltils.IsoelectricPoint module in the Bio package from the Biopython Project

(www.biopython.org). For those residues less than seven from the N- or C-termini, the

isoelectric point was calculated from the amino acid sequence for residues spanning i £

n where n is the number of residues between i and the N- or C- terminus.

Lentiviral knockdown and expression of MBD2: The shMBD2 (5’ -
GGGTAAACCAGACTTGAA - 3’) sequence was cloned into the pRRL.H1.shRNA
vector. Full-length wild-type and mutant MBD2 gene sequences were cloned in the
pLV203 vector with a flag-tag added to the C-terminus (Genecopoeia, Rockville, MD).
Both full-length MBD2 genes contain a single silent mutation introduced into the MBD2
ShRNA target sequence to confer shRNA resistance. The vectors were packaged into a
lentivirus by calcium phosphate transfections of HEK 293T cells. MDA-MB-435 breast
cancer cells were transduced with packaged virus and grown in vitro for 7 days post-
transduction before quantitative PCR and western blot analyses. Primers used for
gPCR analysis are listed in Table 2. Antibodies used for MBD2 and Flag epitope protein

detection were from Santa Cruz (sc1244) and Abcam (ab1162) respectively.
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Table 1. List of primers used for mutagenesis

FORWARD REVERSE

P244G GAAAATTGATGCTGTTTGTCTAATTC | TAAACCAGACTTGAATACAACATTG
CCAATGTTGTATTCAAGTCTGGTTTA | GGAATTAGACAAACAGCATCAATTT

TC

R246E CCAGACTTGAATACAACATTGCCAAT | GGTTGTTTGAAAATTGATGCTGTTTG
TGAGCAAACAGCATCAATTTTCAAA |CTCAATTGGCAATGTTGTATTCAAGT
CAACC CTGG

T248A GACTTGAATACAACATTGCCAATTAG | TTGAAAATTGATGCTGCTTGTCTAAT
ACAAGCAGCATCAATTTTCAA TGGCAATGTTGTATTCAAGTC

R246E_T2 | GGTTGTTTGAAAATTGATGCTGCTTG | GGTAAACCAGACTTGAATACAACAT

48A CTCAATTGGCAATGTTGTATTCAAGT | TGCCAATTGAGCAAGCAGCATCAAT
CTGGTTTACC TTTCAAACAACC

P255A GACAAACAGCATCAATTTTCAAACA | ATGATTTGTGACTTTGGTTACCCCTT
AGGGGTAACCAAAGTCACAAATCAT |GTTTGAAAATTGATGCTGTTTGTC

V256A CATCAATTTTCAAACAACCGGCAACC | GGATGATTTGTGACTTTGGTTGCCGG
AAAGTCACAAATCATCC TTGTTTGAAAATTGATG

P278G ACAACGAATGAATGAACAGGGACGT | CTCCCAGAAAAGCTGACGTCCCTGTT
C

Q280A CGAATGAATGAACAGCCACGTGCGC |CTTCTCCCAGAAAAGCGCACGTGGC
T T

W?283A AGCCACGTCAGCTTTTCGCGGAGAA |CTTGTAGCCTCTTCTCCGCGAAAAGC
G

R286E TCAGCTTTTCTGGGAGAAGGAGCTAC | TGCACTAAGTCCTTGTAGCTCCTTCT

L287A GCTTTTCTGGGAGAAGAGGGCACAA | TGATGCACTAAGTCCTTGTGCCCTCT

R286E_L2 | CACGTCAGCTTTTCTGGGAGAAGGA | CATCTGATGCACTAAGTCCTTGTGCC

87A G

L290A GGAGAAGAGGCTACAAGGAGCTAGT | TGTTACATCTGATGCACTAGCTCCTT

For full-length MBD2 mutagenesis of specific residues, following primers were used:

R286E_L2 | TTT TCT GGG AGA AGG AGG CAC CTT TTC TGG GAG AAG GAG CTA

87A AAG CAAG

R286E CTTTTC TGG GAG AAG GAG CTA CTTTTC TGG GAG AAG GAG CTA
CAAG CAAG
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Table 2. List of primers used for gPCR in Chapter 2

FORWARD REVERSE PROBE
MBD?2 AAG AGC GAG TAC [ TTCTGT ATC AGC TGG AAG AAG CAC
AGC AAG TACGCA |AGCTCG CGACAA |TGATGG CAG ACA
TC
GAPDH TCG ACAGTC AGC |ACCAAATCCGTT |AGCCACATCGCT
CGCATCTTCTTT |GACTCCGACCTT |CAGACACCATGC
PRSS8 ACGCCTTCATAGGT | ATCTTGGATTACTC
GATGCT CGGTCG
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1. Results:

A. The MBD2,pr region is intrinsically disordered

We cloned, expressed and purified from bacteria the MBD2pr from both the human
(amino acids 238-356) and mouse (amino acids 241-359) MBD2 proteins. The 2D *N-
HSQC spectra of each (Figure 9a) show features characteristic of a disordered peptide.
The amide backbone resonances are quite sharp, the *H(N) chemical shifts fall between
7.5-8.5 ppm, and the sidechain amide resonances are highly degenerate. In particular,
the *H-""N; resonances of two Trp residues completely overlap (red dashed oval, Figure
9a), while seven Asn and ten GIn sidechain *°>N-'H, resonances overlap extensively
(blue dashed oval, Figure 9a). These findings indicate that the MBD2,pr domain
remains largely disordered in solution.

We further characterized this region by CD and analytical ultracentrifugation. The CD
spectra are consistent with a highly disordered peptide comprised of only 7% helix at
298 K and 12% helix at 368 K (Figure 9b) based on mean residue ellipticity (MRE) at
222nm. Thermal melting did not show a cooperative transition typical of a folded
domain (blue curve, Figure 9b). Sedimentation velocity by analytical ultracentrifugation
analysis is consistent with a monomeric protein at 20 yM with a tendency to aggregate

at higher concentrations (Figure 9c).

B. A polypeptide linkage stabilizes the MBD2-p66a coiled-coil complex

These observations raise the possibility that the MBD2,pr depends on the MBD or
coiled-coil domains to adopt a regular structure. A polypeptide including the MBD,
MBD2pr and coiled-coil domains of MBD2 has proven difficult to purify from bacterial

expression systems. We recently designed and tested a remarkably stable and well-
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Figure 9. The MBD2pr of MBD2 is intrinsically disordered in isolation. (a) An overlay of N-HSQC
spectra for the MBD2pr of HsMBD2 (black) and MmMBD2 (green) shows a lack of chemical shift
dispersion with highly degenerate GIn and Asn *°N-'H, (blue circle) and Trp *>N-"He (red circle)
resonances. (b) CD spectra of the MBD2pr at 293 K for HsMBD2 (black) and MmMBD?2 (purple) and at
368 K for HsMBD2 (red) shows little evidence of secondary structure formation while a thermal melt for
HsMBD2 MBD2pr fails to reveal a cooperative transition characteristic of folded domains. (c) Analytical
ultracentrifugation sedimentation velocity analysis for 20 uM (black) and 100 yM (red) HsMBD2 MBD2
indicates that the MBD2p, is largely monomeric at 20 yM but does show evidence of aggregation at
higher concentration.

(By Dr. David Williams et al.)
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behaved single chain construct of the coiled-coil domains from MBD2 and p66a (Figure
10a). This single-chain construct (scMBD2-p66a) comprises the MBD2 coiled-coill
domain (amino acids 361-393), a short GGSG linker, and the p66a coiled-coil domain
(amino acids 137-178). The scMBD2-p66a retains helical content as measured by CD
analysis up to 95°C (Figure 10b) and the 2D **N-HSQC spectrum remains dispersed
and similar to that of the p66a-MBD2 coiled-coil complex previously studied, even at

80°C (Figure 10c). Adding the scMBD2-p66a to the MBD and MBD2pr of MBD2

(MBD2FLsc, amino acids 212-356) stabilizes the protein for bacterial expression and

purification.

C. NMR analysis of intrinsically disordered MBD2pr

A 2D ®N-HSQC spectrum of the MBD2FLsc protein bound to methylated DNA contains
broadened and dispersed resonances traceable to the MBD and coiled-coil domains,
while most resonances from the MBD2,pr remain quite sharp and restricted in *H
chemical shift similar to the isolated MBD2pr (Figure 11a). These findings show that
the MBD2pr region remains largely disordered even in the context of full-length protein
and while bound to DNA and does not appear to affect the structures of the MBD and
coiled-coil domains. Although the backbone resonances of the MBD2,pr lack significant
chemical shift dispersion, we were able to assign these resonances using standard 3D
heteronuclear techniques. The mouse domain was particularly well-behaved, such that
we first assigned mouse MBD2pr and then carried those assignments over to the

human protein where possible. Predicting the backbone order parameter and
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Figure 10. A polypeptide linkage stabilizes the MBD2-p66a coiled-coil complex. (a) A ribbon
diagram depicts the the scMBD2-p66a construct comprised of the MBD2 coiled-coil domain (cyan), a
short GGSG linker (yellow), and the p66a coiled-coil domain (blue). (b) CD analysis shows that the

scMBD2-p66a contains similar helical content at 298 K and 368 K, while a thermal melt shows that the

coiled-coil complex does not undergo a cooperative unfolding transition. (c) An overlay of BN-HSQC

spectra for the scMBD2-p66a (gray) with the MBD2 (red) and p66a (blue) coiled-coil complex peptides
shows similar dispersion and chemical shifts. This finding indicates that the single-chain peptide adopts a
similar structure to the coiled-coil complex of the individual peptides. (d) The *>N-HSQC spectra of the
scMBD2-p66a remains well dispersed at 298 K (gray), 323 K (blue) and 353 K (orange) showing that the

scMBD2-p66a resists thermal denaturation. (By Dr. David Williams et al.)
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secondary structure by chemical shift indexing as implemented in Talos-N (Shen and
Bax 2013) (Figure 11b) shows that the entire MBD2,pr lacks a propensity to form
structure in isolation. Several small regions (amino acids 275-280, 290-300, and 320-
330) do show chemical shift perturbations suggestive of helical content (Figure 11b), but
the predicted order parameters remain below 0.6 consistent with a lack of regular

structure formation.

D. The MBD2,pr modifies DNA binding kinetics and overall binding affinity:

To determine if the MBD2,pr affected interaction with DNA, we measured binding to
methylated DNA by surface plasmon resonance. As described previously (Scarsdale et
al. 2011a), the isolated MBD shows rapid on and off-rates, which requires steady state
analysis to determine the overall binding affinity (Kp = 330 nM, Figure 12a). In contrast,
the MBD2FLsc shows a dramatic reduction in off-rate leading to a 100-fold increase in
affinity (Kp = 2 nM). Inspection of the MBD2,pr reveals that the region just C-terminal
to the MBD contains positively charged Arg and Lys residues, which could contribute to
DNA binding through non-specific electrostatic interactions. Therefore we calculated a
theoretical isoelectric point for a sliding window of 15 amino acids along the length of
the protein. The results of this analysis for the MBD2,pr homologous regions of human
(Hs) MBD2 paralogs (MBD2, MBD3, MBD3-L1, and MBD3-L2) as well as Bombyx mori
(Bm) and Amphimedon queenslandica (Aq) MBD2 orthologs are plotted in Figure 12b.
Each of the MBD2 orthologs contains a positively charged region just following the MBD

and at the N-terminus of the MBD2pr (Figure 12b).
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Figure 11 NMR analysis of intrinsically disordered MBD2IDR. (a) An overlay of "N-HSQC spectra for
the MBD2 MBD (gray), scMBD2-p66a (blue), and MBD2FLsc (red) indicates the MBD2,pr remains
disordered in the context of full-length protein and while bound to DNA. As highlighted in the expanded
regions, broadened and dispersed resonances in the MBD2FLsc spectrum align with resonances from
the MBD and coiled-coil domains. Resonances from the MBD2,pr lack chemical shift dispersion and are
highly degenerate consistent with a lack of regular structure. (b) Based on NMR chemical shift
indexing(36, 37, 38), order parameters (S, upper bar graphs) and secondary structure probabilities
(lower graphs) for helix (red), sheet (blue) and loop (black) are plotted for the MBD2pr of MmMBD2a and
HsMBD2a. The NMR chemical shifts indicate a lack of regular structure formation throughout the region.
(By Dr. David Williams et al.)
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To test whether this region is sufficient to modify DNA binding, we measured binding
kinetics by surface plasmon resonance for an MBD2 construct that includes the MBD
and the first 20 amino acids of the MBD2pr (residues 150-260). Similar to MBD2FLsc,
this protein shows reduced on- and off-rates and increased binding affinity (Kp = 20 nM)
compared to the isolated MBD (Figure 12a). Therefore the MBD2pr contains a
positively charged region that modifies binding kinetics and affinity despite a lack of
regular structure formation. Similar positively charged disordered regions adjacent to
DNA binding domains have been described previously and referred to as “fuzzy”

domains (Fuxreiter 2012; Fuxreiter and Tompa 2012; Uversky 2011).

E. The MBD2,pr binds the histone deacetylase core complex of NuRD:
In previous studies we showed that the coiled-coil domain of MBD2 recruits the p66

and Mi2 proteins to NuRD. To investigate whether the MBD2,pr and coiled-coil
domains interact with the remaining core components of NURD (MTA1/2/3, HDAC1/2,
and RbAp46/48), the MBD2pr was expressed in 293T cells as a flag-tagged construct,
with and without the scMBD2-p66a coiled-coil domains (Figure 13a and 13b
respectively). Cell lysates were immunoprecipitated with an anti-flag antibody followed
by western blot analysis to identify the NURD components interacting with the flag-
tagged MBD2pr. Figure 13a shows that the MBD2,pr of MBD2 strongly interacts with
the RbAp48, HDAC2, and MTA2 components of NURD while the scMBD2-p66a does
not. The MBD2pr does not interact with p66a and Mi2[3 proteins (Figure 14) as
expected, which uniquely maps the interaction of MBD2 with the histone deacetylase
and chromatin remodeling components of the NURD complex into two distinct functional

domains, the MBD2pr and the MBD2 coiled-coil domain, respectively.
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Figure 12 The MBD2IDR modifies DNA binding kinetics and affinity. (a) Surface plasmon analysis of
DNA binding shows that both MBD2FLsc (upper panel), and MBD2(150-260) (second panel) bind with
slower on and off rates and higher affinity than the isolated MBD (third panel). As seen previously(41),
the rapid on and off-rates for the MBD preclude accurate fitting of the kinetic data. Steady-state analysis
of the isolated MBD binding to methylated (red) and unmethylated (blue) DNA is shown in the fourth
panel. (b) The local isoelectric point, calculated as described in the text, is plotted for the MBD2,pr from
HsMBD2, HsMBD3, HsMBD3-L1, HsMBD3-L2, BmMBDZ2/3, and AQMBD2/3. This analysis shows that a
positively charged region at the N-terminus of the MBD2pr is conserved across the animal kingdom.

(By Dr. David Williams et al.)

70



Segments of intrinsically disordered proteins can fold upon interacting with target
proteins to adopt regular secondary structure. These segments, referred to as molecular
recognition features (MoRFs) (Mohan et al. 2006; Uversky 2011; Vacic et al. 2007), may
be identified as regions with low disorder propensity by disorder prediction algorithms.
Based on analysis from the disorder prediction algorithm PONDR® VLXT (Predictor of
Naturally Disordered Regions) (Li et al. 1999; Romero, Obradovic, Dunker 1997), three
separate sub-regions with low disorder propensity were identified within MBD2pr
(amino acids 212-273, 274-316 and 317-360, Figure 13c). We tested each of these
ordered regions separately and in combination for binding to components of the histone
deacetylase core complex of NURD. As can be seen in Figure 13d, none of these three
sub-regions interact with the core complex in isolation. However, the first and second
sub-regions of MBD2pr in combination (amino acids 212-316) were sufficient to bind
RbAp48, HDAC2, and MTA2, albeit with a somewhat weaker interaction with MTA2 as

compared to the entire MBD2pr (Figure 13b).

F. Key residues within minimal MBD2pr are Evolutionarily Conserved:

Full-length protein sequences of HSMBD?2 orthologs from across the animal kingdom,
(Aq, Trichoplax adhaerans (Ta), Bm, Danio rerio (Dr), Gallus gallus (Gg), Mus musculus
(Mm)), and Hs paralogs MBD3, MBD3-like 1 and 2 (MBD3-L1, MBD3-L2) were
obtained from the NCBI protein database. The protein sequences of individual domains
of MBD2 were aligned using the default settings of the PRALINE online server. An
alignment of the MBD (Figure 15a) for orthologs (Ag, Bm, Dr, Gg, and Mm) and a

paralog (MBD3) that contain a recognizable MBD shows a high degree of conservation
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Figure 13. The MBD2IDR binds the histone deacetylase core complex of NuRD. (a) The MBD2pr
with scMBD2-p66a was transfected in high-transfection-efficiency HEK 293T cells. Immunoprecipitation
and western blot analysis of the transfected cells indicates that the MBD2pr binds the histone
deacetylase core components RbAp48, HDAC2 and MTA2, whereas the scMBD2-p66a construct does
not. The flag-IP lane shows pull down of the histone deacetylase core components by
immunoprecipitation using an anti-flag antibody directed against the flag-tagged MBD2pr. 1gG and
expression vector pCMV serve as negative controls while the input lane shows 2% of the input. (b) The
region of MBD2,pr from amino acids 240-316 comprising the first and second ordered sub-regions in
combination can bind to RbAp48, HDAC2 and MTAZ2, although a weaker interaction with MTA2 was
observed. (c) PONDR® VLXT analysis of the MBD2,pr identified three sub-regions of low disorder
propensity within this intrinsically disordered region (amino acids 240-262, 280-308 and 347-364). (d) The
three ordered sub-regions of MBD2 pr were expressed individually in HEK 293T cells and
immunoprecipitated, but failed to bind to either of the histone deacetylase core complex components.
Note that a non-specific band appears in the IgG lane when blotted with anti-MTAZ2 that runs just below
the MTA2 protein in the input and flag IP lanes.
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from sponge to human (AqMBD2 and HsMBD?2 proteins share 64% identity in their
MBDs). Critical residues known to influence DNA binding affinity and methylation
selectivity (Tyr'’® and Lys'’* of HSMBD2) (Cramer et al. 2014; Fraga et al. 2003; Saito
and Ishikawa 2002) are highly conserved indicating that methylation specificity
developed with the first multi-cellular organisms. Notably, several homologs (Ta
MBD2/3, Hs MBD3-L1 and L2) lack an MBD, yet previous studies have shown that both
the MBD3-L1 and L2 paralogs interact with NURD and compete with MBD2 and MBD3
for complex formation (Jiang et al. 2002; Jiang, Jin, Pfeifer 2004; Jin et al. 2005).
Therefore, NURD complex recruitment and DNA binding represent distinct and
separable functions of MBD2.

An alignment of the MBD2pr and coiled-coil regions (Figure 15b), shows much less
conservation with large insertions (i.e. TaMBD2/3 and AqgMBDZ2/3) and smaller deletions
as compared to HsSMBD2. Nonetheless, specific individual residues are absolutely
conserved across species suggesting that these amino acids are critical to function.
Highly conserved residues were identified within the first two ordered regions of
MBD2pr implicated in binding to the NuRD histone deacetylas core complex. We
mutated these conserved residues individually or in pairs as follows: 1) P244G, 2)
R246E, 3) P255A, 4) V256A, 5) P278G, 6) Q280A, 7) R286E, 8) L287A, 9)
R246E/T248A and 10) R286E/L287A (see asterisks below sequence alignment in
Figure 15b). Flag-tagged MBD2pr mutants were expressed in 293T cells followed by
immunoprecipitation and blotting for the histone deacetylase core components. Of the
ten conserved residues tested, only two contiguous amino acids from the second

286

ordered region of MBD2pr, Arg?®® and Leu?®’, when mutated effectively eliminated
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Figure 14. MBD2IDR does not interact with p66a and Mi2@ subunits of NuRD. Immunoprecipitation of
MBD2,pr and the MBD2,pr minimal binding region in transfected HEK293T cells shows that the MBD2pr
does not interact with p66a and Mi2[3 subunits of the NURD complex, thus delineating unique points of
contact associating MBD2,pr with the histone deacetylase core subunits and in conjunction with our
previous data, the coiled-coil domain with the chromatin remodeling component(s) of the NURD complex
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Figure 15. Evolutionary conservation of key residues within minimal MBD2IDR. (a) Alignment of the
protein sequence of the MBD of MBD2 for orthologs (Ag, Bm, Dr, Gg and Mm) and a paralog (MBD3) was
done using the PRALINE program online. The software color codes the most conserved residues on a
scale of 0 to 10 with 10 being the most conserved residue. Most residues within the MBD show high
degree of conservation including critical residues known to influence DNA binding affinity and methylation
selectivity. (b) Alignment of the protein sequence of MBD2pr and the coiled-coil domain shows much less
conservation with large insertions (TaMBD2/3 and AQMBDZ2) and smaller deletions as compared to
HsMBD2. However, absolute conservation of specific residues in the minimal MBD2,pr suggests
functional importance. These conserved residues identified for functional analysis (with a conserved
score of 8 out of 10) are depicted by an g*) under the sequence alignment and are as follows: Pro**,
Arg®® Thr**®, Pro®®, val®™®, Pro®®, GIn*°, Trp*®®, Arg®®, Leu®®’, and Leu®. (Part B on next page)
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binding to the core complex (Figure 16a). Interestingly neither of these mutations in
isolation nor any of the other mutations disrupt binding to the histone deacetylase core
components. Next, we introduced the double mutation R286E/L287A into the full-
length human MBD2 gene by site-directed mutagenesis. Since MBD2-NuRD contains
several potential DNA binding proteins, the immunoprecipitation protocol for full length
MBD2Flag constructs was modified to eliminate contamination through non-specific
DNA binding. The cell lysate from transfected cells was treated with micrococcal
nuclease, which cleaves both single- and double-stranded DNA and RNA, and with
ethidium bromide, which intercalates between stacked bases in the double helix. As
expected, immunoprecipitation of the NURD complex by the mutant full length MBD2
revealed impaired interaction with the histone deacetylase core components: RbAp48,
HDAC2 and MTAZ2, with the effect being most pronounced for MTA2 (Figure 16b).

286 and Leu®®” comprise a critical

Together these observations indicate that Arg
interaction surface necessary but not sufficient for recruiting the histone deacetylase

core complex of NuRD.

G. Functional biological assay of double mutant MBD2:

To determine if interaction with the histone deacetylase core components is necessary
for methylation dependent gene silencing by MBD2, we expressed the R286E/L287A
double mutant MBD2Flag construct in a background of partial knockdown of
endogenous MBD2 in MDA-MB-435 breast cancer cells. The RNA expression level of
the endogenous gene PRSS8 was used as a reporter of MBD2-NuRD mediated

transcriptional repression. We previously showed that stable knockdown of MBD2 by
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Figure 16. Two conserved residues from minimal MBD2IDR are necessary to bind the histone
deacetylase core of NuRD. (a) Mutating five residues from the first region of minimal MBD2pr (P244G,
R246E, P255A, V256A, and R246E/T248A) does not affect immunoprecipitation of the histone
deacetylase core complex. Similarly, mutating four residues from the second ordered region of minimal
MBD2pr (P278G, Q280A, R286E, and L287A) does not affect immunoprecipitation of the histone
deacetylase core complex. However, combined mutation of two adjacent residues (R286E/L287A)
significantly abrogates the ability of MBD2pr to recruit the histone deacetylase core components.
Strikingly, the individual mutants R286E and L287A have no effect on interaction of the MBD2pr with the
histone deacetylase core. Three additional mutations (T248A, W283A and L290A) do not affect binding of
MBD2,pr to the histone deacetylase core complex (data not shown). (b) Full length flag-tagged MBD2
carrying the double mutation R286E/L287A also displays a disrupted interaction with RbAp48, HDAC?2
and MTAZ2. The interaction of the double mutant MBD2 with MTAZ2 is completely lost whereas its
interaction with RbAp/HDAC shows significant reduction.
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ShRNA in MDA-MB-435 cells increased PRSS8 expression, demonstrating that MBD2
mediates transcriptional repression of PRSS8 in these cells (Mian et al. 2011).
Simultaneous knockdown of endogenous MBD2 and enforced expression of wild-type
or R286E/L287A double mutant MBD2Flag was achieved by lentivirus mediated
delivery of anti-MBD2 shRNA and wild-type and R286E/L287A double mutant
MBD2Flag mRNA resistant to knockdown (Mian et al. 2011). Blotting with anti-MBD2
antibody (Figure 17a), which recognizes both endogenous (lower band) and lentivirally
expressed MBD2Flag (top band), shows about 50% knockdown of the endogenous
protein in SH+WT and SH+Double mutant cells as compared to the negative control
(SC + LV). Detection of the exogenously expressed MBD2Flag proteins with an anti-
flag antibody demonstrates similar expression levels in SH+WT and SH+Double mutant
transduced cells (Figure 17b). Taking into account both knockdown of endogenous
MBD?2 and expression of MBD2Flag proteins, the total amount of MBD2 protein in both
groups (SH+WT and SH+Double mutant) remains constant and represents ~50% more
MBD2 protein than that in the negative control. Knockdown of endogenous MBD2 and
add back of wild type MBD2, shows repression of PRSS8 expression beyond the
baseline due to increased total expression of wild-type MBD2. However, in the case of
enforced expression of the R286E/L287A double mutant MBD2, PRSS8 gene
expression is not statistically significantly reduced compared to the baseline level
although there is a suggestion of a slight decrease (Figure 17c). PRSS8 gene
expression is consistently >2 fold lower (p-value<0.01) in SH+WT cells than in
SH+Double mutant cells, which we attribute to the inability of mutant MBD2 to

effectively recruit the histone deacetylase core components of the NURD complex.
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Figure 17. Double mutant MBD2 shows reduced transcriptional repression of its methylated target
gene PRSS8. Western blot analysis of MDA-MB-435 cells infected with MBD2 knockdown and
expression lentiviruses shows (a) ~50% and ~40% knockdown of endogenous MBD2 in SH+WT and
SH+Double mutant cells respectively and (b) Equivalent expression of wild-type MBD2Flag and
R286E/L287A double mutant MBD2Flag across both SH+WT and SH+Double mutant cells respectively.
Therefore, SH+Double mutant cells contain 60% mutant MBD2Flag as compared to SH+WT cells. (c)
SH+WT cells show increased repression of PRSS8 as compared to the baseline expression level set by
SC+LV control. However, SH+Double mutant cells express PRSS8 at levels close to the baseline, due to
the inability of double mutant MBD?2 to effectively repress its target gene PRSS8. SC+LV control
represents cells transduced with empty backbone lentiviral vectors for both shRNA knockdown (SC) and
gene expression (LV). PRSS8 gene expression is normalized to GAPDH expression. Error bars denote
standard deviation of 3 independent experiments. *signifies p-value<0.005, ** signifies p-value<0.01.
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V. Discussion:

Research over the past two decades has challenged the traditional structure-function
paradigm of proteins. Instead of adopting a well-folded three-dimensional structure in
solution, many proteins are entirely disordered or contain functionally important
intrinsically disordered regions (IDR). Estimates indicate that from 15-45% of eukaryotic
proteins have long (>30 amino acid) regions of disorder (Tompa 2012). These regions
can function either by folding upon binding to a target ligand or through dynamic
interactions involving rapidly exchanging conformations of the disordered state
(Fuxreiter and Tompa 2012; Fuxreiter 2012; Tompa 2012; Uversky 2011).

Here we show that a large segment (~145 amino acids) between the conserved MBD
and coiled-coil domains of MBD2 behaves as an intrinsically disordered region in
isolation and in the context of the full-length protein. This region does not adopt a
regular structure even when bound to methylated DNA. Nonetheless incorporating the
MBD2IDR affects the binding kinetics and overall affinity for DNA, functioning as a
"fuzzy" domain (Fuxreiter 2012). The N-terminal portion of the MBD2IDR has a net
positive charge that is conserved across evolution and likely contributes to this fuzzy
interaction with the DNA (see Figure 12b). IDRs flanking functional DNA-binding
domains have been shown to influence DNA recognition and potentially rates of
association and lifetime of the DNA-protein interactions (Ghosh et al. 2010; Pontius
1993).

IDRs are often found in proteins that serve as hubs of one-to-many protein interactions
(Dunker et al. 2005; Haynes et al. 2006; Patil and Nakamura 2006). In this report we

demonstrate that the MBD2pr of MBD2 binds the histone deacetylase core complex of
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NuRD comprised of the MTA1/2, HDAC1/2, and RbAp46/48 proteins. To map this
interaction, we divided the MBD2IDR into three potential MORFs based on disorder
propensity as predicted by the PONDR® VLXT algorithm (Li et al. 1999; Romero,
Obradovic, Dunker 1997). We found that the first two segments of the MBD2pr are
necessary and sufficient to bind the histone deacetylase core complex (Figure 13Db).
Interestingly, this region also incorporates the positively charged segment that
contributes to DNA binding. We were unable to identify sub-regions of MBD2IDR that
selectively bind to different components of the histone deacetylase core complex, which
suggests cooperative all-or-none formation of this complex (Figure 13c). This
observation indicates that either the MBD2IDR forms a large contact surface for binding
each of the proteins cooperatively or that the MBD2IDR binds to one of the core
components which in turn interacts with other components. In support of the latter
interpretation, recent structural analyses have shown that the ELM2 and SANT domains

of MTA1 bind directly to HDAC1 (Millard et al., 2013) and a small peptide from the C-

terminal region of MTA1 binds RbAp48 (Algarni et al. 2014). The MTA proteins may

provide a common point of contact such that MBD2IDR binding directly to either of
RbAp, HDAC, or MTA would be sufficient to recruit all of the histone deacetylase core
components.

Intrinsic disorder in MBD2 appears to be under selective pressure as evidenced by
conservation of numerous residues within the MBD2IDR across several paralogs and
distantly related orthologs, despite large insertions and sequence variability (Figure 15).
Using this evolutionary conservation as a guide, we designed point mutations in the first

and second segments of the MBD2,pr and found that two highly conserved residues
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(Arg®® and Leu®®’) are critical for binding to the histone deacetylase core complex.
Mutating these critical residues even in the context of full length MBD2 diminishes
interaction with the histone deacetylase core complex. A recent analysis of MBD2
alternative splice variants revealed that dominant isoform in embryonic stem cells,
MBD2c, lacks most of the C-terminus including the MBD2pr and the coiled-coil
domains. Consistent with the role of these two domains in recruiting Mi2 and the
histone deacetylase core complex, MBD2c fails to interact with any of the NuRD
components and lacks repressive activity (Lu et al. 2014).

MBD2-NuRD has been established as a transcriptional repressor of embryonic and fetal
B-type globin genes in primary adult erythroid cells across different species
(Gnanapragasam et al. 2011b; Kransdorf et al. 2006; Rupon et al. 2006a; Singal et al.
2002) and of tumor suppressor genes in breast cancer cells (Esteller 2008; Mian et al.
2011). We hypothesized that the Arg®®® and Leu®®” mutations of MBD2 that impair
recruitment of the histone deacetylase core components of the NURD complex would in
turn abrogate repression of methylated target genes. To test this hypothesis, we
assayed the expression of a previously identified highly methylated MBD2 target gene,
PRSS8, in MDA-MB-435 breast cancer cells (Mian et al. 2011). PRSS8 encodes for
prostasin, a member of the trypsin family of serine proteases that has been implicated in
inhibition of metastasis of both breast and prostate cancer cells (Chen et al. 2001; Chen
and Chai 2002). A CpGe-rich region in the promoter and exon 1 of PRSS8 is heavily
methylated when this gene is repressed in MDA-MB-435 breast cancer cells (Chen and
Chai 2002), while demethylation by 5-aza-2'-deoxycytidine combined with histone

deacetylase inhibitor treatment reactivates expression of PRSS8. In our studies,
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R286E/L287A double mutant MBD2 protein exerts diminished repression of PRSS8
when compared to an equivalent amount of wild-type MBD2 protein, (Figure 17c) thus
confirming the importance of these two amino acid residues in MBD2-NuRD function.
Our results can be summarized into a dynamic working model for the architecture of the
NuRD complex wherein the subunits carrying the chromatin remodeling enzymatic
activities unique to the NuURD complex can be mapped to two separate domains of
MBD2: the MBD2,pr Which recruits the histone deacetylase core components and the
coiled-coil domain which recruits the chromatin remodeling subunit Mi23 through its
interaction with p66a (Figure 18). Delineating the multi-protein interactions within the
MBD2-NuRD complex should enable future attempts to decouple the distinct enzymatic
activities of the complex, in isolation or combination, to disrupt the repressive functions
of each and dissect their potentially independent roles in regulating specific sets of
genes.

Understanding the role of IDRs in the assembly of multi-protein complexes like MBD2-
NuRD adds valuable insight to their function in epigenetic regulation. IDRs have been
well-recognized as hubs for interaction of many proteins due to their malleability and
fluctuating structures. MBD1-c was recently shown to selectively interact with different
binding partners through its intrinsically disordered transcriptional repression domain
(Hameed et al. 2014). Structural characterization of intrinsically disordered regions of
other proteins such as p53 (Dawson et al. 2003; Wells et al. 2008), PTP1B (Krishnan et
al. 2014), androgen receptor (Myung et al. 2013), a-synuclein (Toth et al. 2014;
Uversky, Li, Fink 2001) and oncoprotein c-myc (Berg et al. 2002; Hammoudeh et al.

2009) has elucidated the function of these proteins in pathological pathways and lead to
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successful efforts developing small molecule inhibitors for therapeutic drug targeting.
The work presented here sets the stage for further biochemical and functional
characterization of the MBD2-NuRD complex and raises the possibility of selectively
abrogating NURD dependent silencing of specific sets of genes by disrupting the
MBD2pr mediated interactions with the HDAC complex. Exploitation of such
mechanistic findings could ultimately lead to improved treatment of hemoglobin

disorders and cancer.
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Figure 18. A working model of the architecture of the MBD2-NuRD co-repressor complex.Our
model maps interactions between MBD2 and the histone deacetylase core subunits to the MBD2,pR,
wherein mutation of the two contiguous residues comprising the critical interaction site (shown as red
asterisks in the IDR) impairs binding. The previously characterized coiled-coil domain of MBD2 recruits
the chromatin remodeler Mi-23 through p66a and the MBD recruits the co-repressor complex to sites of

dense CpG methylation.
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CHAPTER 3: Role of the MBD2-NuRD complex in developmental regulation of the

fetal y—globin gene

l. Introduction:

The y-globin gene lies on chromosome 11 within the B-globin gene cluster, which
contains the genes 5’-LCR-e-Gy-Ay-0-B-3’. These B-type globin genes are expressed in
ontogeny in the order in that they appear on the chromosome. Several cis-acting
sequences and trans-acting factors have been identified to regulate the fetal-to-adult
hemoglobin switch (Sankaran, Xu, Orkin 2010b). Our lab previously identified MBD2, an
epigenetic regulator, to be involved in developmental silencing of the fetal y-globin gene
in adult erythroid cells (Amaya et al. 2013; Gnanapragasam et al. 2011b; Rupon et al.
2006a). Methyl CpG binding domain protein 2 (MBDZ2) belongs to the family of proteins
characterized by the presence of the MBD domain. This domain enables these proteins
to preferentially bind to methylated DNA. MBD2 binds to densely methylated CpG
islands and recruits the Nucleosomal Remodeling and Histone Deacetylase (NuRD) co-
repressor complex, to cause chromatin compaction and transcriptional silencing
(Meehan et al. 1989; Wade 2001).

We previously demonstrated that MBD2 knockout in B-YAC transgenic mice leads to

at least a ten-fold induction of human fetal y-globin in adult erythroid cells (Rupon et al.
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2006a). This level of induction is very similar to that which is obtained with the treatment
of a DNA methylation inhibitor, 5-Azactydine. During the switch to definitive
erythropoiesis in the B-YAC transgenic mice embryos, the absence of MBD2 causes an
inability to fully silence the fetal y-globin. Knockdown of MBD2 in primary human adult
erythroid cells caused significantly increased expression of the fetal y-globin gene by
~9-fold as compared to the scramble shRNA control cells, without affecting their normal
terminal differentiation into red cells. Although MBD2 was shown to have a role in the
silencing of the y-globin gene, it did not bind to the gene to mediate its silencing (Rupon
et al. 2006a). This was not entirely surprising because there are no CpG islands within 6
kb of the y-globin gene. In fact, no region in the promoter contains more than 4 CpGs in
a span of 70 bp DNA. While MBD2 has been shown to bind to a sequence containing as
few as three CpGs in vitro (Fraga et al. 2003), MeCP1 complex as a whole seems to
require at least 15 CpGs per the complex in vivo (Meehan et al. 1989; Wade 2001).
Moreover, in vivo, MBD2 binds only to methylated CpG island sequences (Ginder,
Gnanapragasam, Mian 2008).

Because MBD2 does not bind to the y-globin gene to cause its silencing in adult
erythrocytes, we postulated that the loss of MBD2 results in transcriptional activation of
a gene or genes that are normally silent in adult erythroid cells. The product of this
gene(s) could in turn result in the transcriptional activation of the y-globin gene. To
recognize indirect downstream effectors of MBD2, we conducted gene and microRNA
expression microarrays in MBD2” and wild-type mice adult erythroblasts to identify

genes/miRNAs that would be differentially regulated in the absence of MBD2.
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Figure 19. Gene expression microarray in erythroid cells of MBD2-/- mice (A) Heat map showing
differential expression of genes in erythroid cells of MBD2" and wild-type mice. 93 were found to be up-
regulated and 50 genes were down-regulated in MBD2" mice compared to the control wild-type mice. (B)
Ingenuity Pathway Analysis of the 93 differentially regulated genes to identify genes involved in
hematological pathways yielded the lists of genes listed here. Prioritization based on genes having a CpG
island identified these four genes as candidates: Zinc-finger and BTB domain containing 32 (Zbtb32),
YY1-associated factor 2 (YAF2), BRG1-associated factor 57 (Baf57) and Itchy E3 ubiquitin protein ligase
homolog (ITCH). (Part B on next page)

(Unpublished data by Rupon JW and Gnanapragasam MN)
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The gene expression microarray was performed on an Affymetrix Genechip 430A 2.0 to
recognize differentially regulated genes in MBD2™ and wild type adult erythroid cells. To
this end, MBD2" and wild type mice were intraperitoneally injected with 1-
acetyl-2-phenylhydrazine to induce hemolytic anemia, causing extra-medullary
hematopoiesis. This makes the spleen the primary site of erythropoiesis and it
populates to have >90% erythroid cells. Total RNA was isolated from the spleens and
sent for microarray analysis on an Affymetrix 430A2.0 platform with probe-sets for over
14,000 well-characterized mouse genes. To generate the list of genes which are
differentially expressed between MBD2" and wild type adult mouse erythroid cells, a
statistical cut off p-value of < 0.01 was used. 93 genes were found to be up-regulated
and 50 genes were down-regulated in MBD2"~ mice compared to wild type mice adult
erythroid cells (Figure 19A). For the statistical analysis, we collaborated with Dr. Kellie
J. Archer (Department of Biostatistics, VCU). Since MBD2 serves as an epigenetic
repressor of its target genes, we focused on identifying genes with increased
expression in MBD2™ erythroid cells. The 93 up-regulated genes were prioritized as
candidate genes by Ingenuity Pathway Analysis of genes relevant in hematological
pathways and we focussed on those genes with a CpG island. Ingenuity Pathway
Analysis dynamically computes a large “global” molecular network based on published
physical interactions (direct as well as indirect) as well as functional interactions
between orthologous genes using an extensive database. From the 93 genes studied,
the following four hits populated our analyses: Zinc-finger and BTB domain containing
32 (Zbtb32), YY1-associated factor 2 (YAF2), BRG1-associated factor 57 (Baf57) and

Itchy E3 ubiquitin protein ligase homolog (ITCH) (Figure 19B).
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Figure 20. Validation of candidate genes by Q-RT PCR. (A) RNA from spleen of three anemic MBD2
knock down (MBD2-/-) and wild type (MBD2+/+) mice was analyzed by Q-RT PCR to verify the differential
expression of Zbtb32; n=3, Error bars indicate mean +SD. Mouse erythroleukemia cell line was
transfected with pSuperior-MBD2 shRNA and empty vector control to validate expression of the candidate
gene Zbth32. Western analysis was performed to determine of (B) MBD2 knockdown levels; (C) ZBTB32
protein levels in the MBD2 knockdown cells. Q-RT PCR was performed to determine (D) Zbtb32 mRNA
levels in the MBD2 knockdown cells. CyclophilinA was used for normalization in Q-RT PCR. Error bars
indicate mean +SE.

(Unpublished data by Gnanapragasam MN)
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Of the 4 genes mentioned above, Zbtb32 was the only gene successfully validated by
gPCR, with a 4-fold increased expression in adult erythrocytes of MBD2"" mice as
compared to wild type mice (Figure 20A). For in vitro validation of the candidate gene
Zbtb32, we used the mouse erythroleukemia (MEL) cell line. Mbd2 was stably knocked
down using the shRNA system in MEL cells by upto 90%, both at the mRNA and protein
level (Figure 20B). In the absence of Mbd2, gene expression of Zbtb32 protein was
increased by ~2.5 fold as compared to the shScramble control cells (Figure 20C).

ZBTB32 contains a CpG island in the body of the gene which could potentially be
bound by MBD2 when methylated. Studies have identified the regions to be
preferentially occupied by MBD2 which include -700 to +200 base-pairs relative to a
transcription start site (TSS) when regulating the expression of the target gene through
binding methylated DNA (Chatagnon et al. 2011). We investigated whether MBD2 binds
this CpG island through chromatin immunoprecipitation (ChlIP). ChIP assays were
performed on adult erythroid cells from spleen of anemic MBD2" and wild-type mice.
MBD2 showed enrichment at the CpG islands of the Zbtb32 and Ugt8 genes in wild-
type mice but not in MBD2”" mice (Figure 21). The CpG island in the promoter of the
Ugt8 gene serves as a positive control for the binding of MBD2. This observation
demonstrates that MBD2 binds directly to the Zbtb32 gene in adult erythrocytes.

To study the biological functional effect of increased expression of ZBTB32 as observed
in cells deficient for MBD2, our experimental strategy involved enforced expression of
ZBTB32 in adult hematopoietic cells. We hypothesized that enforced expression of
ZBTB32 would reactivate the silenced y-globin gene. Chemical inducer of dimerization

(CID) dependent multipotential B—YAC mouse bone marrow cells were used as a
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Figure 21. Chromatin Immunoprecipitation of MBD2 in ZBTB32 gene. ChIP assays were performed
using anti-MBD2 and goat IgG control antibodies in adult erythroblasts from MBD2 wild type and
knockout mice. DNA was analyzed using real-time PCR the Ugt8 gene CpG island and ZBTB32 gene
CpG island. Data was normalized to endogenous amylase gene levels to account for loading errors and
IgG controls to account for non-specific pull-downs. Error bars indicate mean +SD.

(Unpublished data by Rupon JW and Gnanapragasam MN)
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murine cell system of functional validation. These cells primarily express adult human
and murine B—type globin genes and hence serve as a valuable system to study
activators of the fetal y-globin gene (Blau et al. 2005). Knockdown of Mbd2 in CID cells
lead to elevated expression of Zbtb32 (Figure 22B), which makes it a valid system to
study functional effects of Zbtb32. Transient over-expression of Zbtb32 from a plasmid
carrying the coding sequence of human ZBTB32 was achieved by nucleofection and
desired level of expression was observed (Figure 22C). Over-expression of ZBTB32
caused elevation of the y-globin gene expression by ~2.5 fold at 72 hours post-
transfection (Figure 22D).

In the studies presented in Chapter 3, we validate the function of ZBTB32 in y-globin
gene activation in primary adult human erythroid cells. Since miRNAs are also important
epigenetic regulators of gene expression through post-transcriptional mechansims, we
carried out a miRNA microarray analysis of differentially regulated miRNAs in erythroid
cells of adult MBD2 knockout mice. We identify a single miRNA, miR-210, which
regulates the expression of the fetal y-globin gene through a direct or indirect
mechanism. Understanding the mechanism of MBD2-mediated fetal globin gene
regulation gives insight into the role of epigenetics in the fetal-to-adult globin switch and

hematopoietic development in general.
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Figure 22. Validation of candidate genes in CID B-YAC cells. CID dependent 3-YAC bone marrow
cells were transiently transfected with siMBD2 and siNeg control (n=3). They were analyzed for (A) MBD2
protein levels by western analysis; and (B) ZBTB32 protein level by western analysis. All the experiments
were performed at 72h post transfection. Error bars represent mean +SE. (C) Functional studies in CID (3-
YAC cells: CID dependent B-YAC bone marrow cells were transiently transfected with the coding region
of ZBTB32 (n=3) along with their corresponding empty vector control. The over-expression of ZBTB32
was verified using western analysis. Error bars indicate mean = SE (D) mRNA levels of y-globin was
calculated using Q-RT PCR in the ZBTB32 over-expressing cells. Gamma globin expression was
normalized to GlycophorinA.

(Unpublished data by Gnanapragasam MN)
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I. Methods:

Lentiviral knockdown and expression:

shMBD2 (GGGTAAACCAGACTTGAA), hsa-miR-210 (CTGTGCGTGTGACAGCGGCTGA)
and shScramble sequences were cloned into the pRRL.H1 shRNA vector and packaged
into lentivirus by calcium phosphate transfections in HEK 293T cells as described
earlier. The coding sequence of human TZFP cloned in the pCEP-Flag plasmid was a
generous gift from Dr. Maureen Hoatlin (Oregon Health and Science University,
Portland, Oregon, USA). To be used for stable over expression studies, this sequence
was later cloned into the pTRIPZ lentiviral vector with an enhanced green fluorescent
protein (eGFP) as the reporter gene. This sequence of TZFP was subcloned into a TA
cloning vector using PCR amplification to introduce restriction cut sites for Mlul-Clal
and followed by ligation into the TA vector using the TA Cloning® kit (Life
Technologies). A clone verified by sequencing was cloned into the pTRIPZ lentiviral
expression vector (ThermoScientific) by Mlul-Clal restriction digestion of the respective
TA vector, gel purification of the desired band and ligation into pTRIPZ lentiviral vector.
This stable expression vector was packaged into lentivirus as mentioned above and

used to infect CD34+ hematopoietic progenitor cells.

CD34+ cell isolation:

CD34+ cells were isolated from de-identified apheresis packs donated by the VCU Bone
Marrow Transplant Clinic. Cells were thawed in a 37°C incubator and then poured into a
50 mL tubes. Cells were mixed with 1 volume of 1X PBS containing 2% FBS. ~30 mL

volume of cells were then added to a 50 mL tube containing 15 mL of Ficoll-paque-plus
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(StemCell Technologies Inc). The mix was spun at 400xg for 30 minutes at room
temperature with no brakes. The middle layer containing the mononuclear cells was
extracted and placed on a fresh tube, where 40 mL of 1X PBS with 2% FBS was then
added. Mononuclear cells were then filtered through a 70 uM nylon filter () and spun at
250xg for 6 minutes at room temperature. Th epaulet was resuspended in 4-5 mL of
DNasel solution (StemCell Technologies Inc.) and incubated at room temperature for
15 minutes. Following DNasel incubation, 40 mL of 1X PBS with 2% FBS and 1mM
EDTA was added to dilute the solution, followed by spinning the cells at 250xg for 6
minutes at room temperature. The cell pellet was resuspended in 1X PBS with 2% FBS
and 1mM EDTA to a density of 2x108 cells/mL. EasySep kit (StemCell Technologies
Inc.) was used for positive selection of CD34+ cells as per the manufacturer’s protocol.
Cells were then grown in an expansion medium consisting of StemSpan SFEM Il
medium (StemCell Technologies Inc.) with 1X CC100 cytokine cocktail (StemCell

Technologies Inc.) and 2% penicillin and streptomycin.

CD34+ cell infection and culture:

2x105 CD34+ cells were plated per well on a 12-well tissue culture plate in 50 uL of
expansion medium on the day of infection. The medium containing lentivirus was then
mixed with 4 ug/mL of polybrene and 650 uL of the lentiviral solution was added per
well. The cells were incubated overnight in 37°C and 5% CO2 and the following day, 2X
expansion medium was added to the cells. 96 hours post-infection, GFP+ cells were
selected by flow cytometry on a BD FACSAria™ Il flow cytometer instrument and

maintained after in a growth medium containing IMDM supplemented with 20% FBS
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(Hyclone), 10 ng/mL stem cell factor (SCF), 1 u/mL of erythropoietin (EPO), 1 ng/mL IL-
3, 1 uM dexamethasone, 1 uM estradiol and 2% penicillin and streptomycin for three
days. The cells were then washed 2 times with IMDM and grown in a differentiation
medium containing IMDM supplemented with 20% FBS (Hyclone), 1 u/mL of
erythropoietin (EPO), 10 ng/mL insulin, and 2% penicillin and streptomycin. Cells were
grown in the differentiation medium for 10 days and changed to a fresh medium once in

every two days.

Cell surface marker analysis by flow cytometry:

On day 10 of differentiation, the differentiated erythroid cells were washed with upto 10
mL of cell staining buffer containing 1X PBS with 10% FBS and spun at 300xg for 5
minutes at room temperature. The cell pellet was then resuspended in 100 uL of the cell
staining buffer and incubated with 0.06 ug of CD71 (Transferrin receptor) antibody and
0.015 ug of CD235a (Glycophorin A) antibody for 30 minutes on ice in the dark. Cells
were then washed twice with 1.5 mL of cell staining buffer by spinning at 300xg for 5
minutes and resuspending in fresh buffer each time. After the final wash, cells were
resuspended in 400 uL of buffer and analyzed and sorted by a BD FACSAria™ II

machine. These sorted cells were used for gene and protein expression.

RNA Isolation and Quantitative PCR (qPCR):
Total RNA was isolated from transduced cells X days post-infection by phenol-
chloroform extractions (TRIzol, Life Technologies) as per the manufacturer’s protocol.

Samples were then subjected to DNasel digestion as follows:
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1 uL of 10X DNasel Buffer (Ambion)

0.25 uL of DNasel

0.25 uL of SUPERase Inhibitor

1 ug of total RNA

The volume was made unto 10 uL with DEPC treated H20.

The DNasel reaction was incubated at 37°C for 30 minutes followed by 75°C for 10
minutes.

5 uL (500 ng) of this RNA product was then converted to cDNA using the iScript cDNA
synthesis kit (BioRad) as follows:

2.0 uL of 5X reaction buffer

0.5 uL of reverse transcriptase enzyme and

2.5 uL of DEPC teated H20

This 10 uL reaction mix was subjected to following thermal cycling conditions: 25°C for 5
minutes, 42°C for 30 minutes and 85°C for 5 minutes. This cDNA was used for gene
expression analysis using quantitative PCR on an ABI 7300 Real Time PCR system,;
FastStart Universal SYBR Green Master mix (Roche Diagnostics, Germany) or Tagman
FastStart Universal Probe master mix (Roche Diagnostics, Germany) were used.
Thermal cycling conditions for the PCR were: 1 cycle at 50°C for 2 minutes and 95°C for
10 minutes followed by 40 cycles at 95°C for 15 seconds and 60°C for 1 minute. The 2-
AACt method was used for analysis. Relative quantification was determined using the

SDS 1000 software. Primers used for gPCR are listed in Table 3.

100



MiRNA microarray analysis:

MBD2-/- mice and wild type mice were made anemic by treatment for two days with
intra-peritonial injection of 1-acetyl-2-phenylhydrazine (10 mg/ml; Sigma) at a dose of
0.4 mg/10 g weight of mice. This was done so that spleen becomes greater than 90%
erythroid. On the fifth day the spleens from four MBD2"" and wild type mice were
harvested and RNA was extracted using Trizol (Sigma) as explained earlier. These
RNA samples were sent to Dr. Catherine Dumur in the Department of Pathology at
Virginia Commonwealth University for further processing. The Affymetrix GeneChip®
mMiRNA array was used. This array covers miRNAs from with 71 organisms on a single
array, including 609 murine miRNAs from the Sanger miRNA database v11. The
FlashTag™ Biotin HSR RNA Labeling Kit (Genisphere Inc., Hatfield, PA) was used to
label total RNA, containing low molecular weight RNA species. Briefly, 500 ng of total
RNA from your samples was subjected to a brief Poly(A) tailing reaction followed by
ligation of a biotinylated signal molecule to the target RNA sample. The labeled RNA
was then hybridized onto GeneChip® miRNA arrays, and scanned on an Affymetrix
GeneChip® Scanner 3000 G7 according to the GeneChip® Expression Analysis
Technical Manual procedures (Affymetrix, Santa Clara, CA).

For the statistical analysis, we used the following workflow for miRNA microarray data
summarization: detection of each probe set above background (using a Wilcoxon Test);
background adjustment (using the Robust Multiarray Analysis - RMA — algorithm));
guantile normalization; and median polish probe set summarization. Prior to further
statistical analysis, the dataset was restricted to probe sets representing murine

mMiRNAs (609 mmu-miRNAS). | identified probe sets having average signals below
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background (in grey). Thereafter, for each probe set, a two sample t-test will be used to

+/+ t

compare MBD2"* to MBD2"" samples. Resulting p-values were used to estimate the

false discovery rate (FDR) using the Benjamini-Hochberg method.

Quantitative-PCR validation of the miRNA, miR-210:

TagMan® miRNA assay kit was obtained from Life Technologies designed specifically
to detect and quantify the mature form of miR-210 (hsa-miR-210). Briefly, total RNA was
isolated from erythroid cells using TRIzol® reagent as previously described. In the
reverse transcription step, cDNA was transcribed form total RNA samples using primers
specific for miR-210 and reagents from the TagMan® MicroRNA Reverse Transcription
kit. In the PCR step, PCR products were amplified from the cDNA samples using the
TagMan MicroRNA Assay together with the TagMan® Universal PCR master mix
(Figure 23). U6-snRNA is a small non-coding RNA and is a component of the U6 small
nuclear ribonucleoprotein complex, was used as the endogenous control for expression

of small RNAs.
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Figure 23 Two step miRNA gPCR. 1. In the reverse transcription (RT) step, cDNA is reverse transcribed
from total RNA samples using specific miRNA primers from the TagMan MicroRNA Assays and reagents

from the TagMan® MicroRNA Reverse Transcription Kit. 2. In the PCR step, PCR products are amplified

from cDNA samples using the TagMan MicroRNA Assay together with the TagMan® Universal PCR

Master Mix.
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Western Blot Analysis:

Cell pellets were resuspended in 4% SDS and sonicated for 5 minutes (30 seconds ON,
30 seconds OFF setting). Total protein was quantitated using BioRad DC Protein assay
(BioRad) followed by UV-Vis spectrophotometry. 100 ug of protein mixed with 2X
laemmli buffer was run on a 10% SDS-PAGE gel. The protein was transferred onto a
PVDF membrane (0.45 uM, Millipore) for 1 hour at a constant voltage of 100V. The
membrane was then blocked in a blocking buffer consisting of 5% milk in 1X PBST for
one hour at room temperature. Following this, the membrane was incubated with the
primary antibody of interest at room temperature for 1 hour. The membrane was then
washed 3 times by 1X PBST for 5 minutes each and incubated with the secondary
antibody in a blocking buffer solution for 45 minutes at room temperature. The
membrane was again washed 3 times with 1X PBST for 5 minutes each and then
incubated with SuperSignal® West Pico Chemiluminescence substrate or SuperSignal®
West Dura Extended duration substrate (Thermo Scientific) for 5 minutes according to
the manufacturer’s protocol. The membrane was then exposed to an autoradiography
film (Bio Express) and developed to study protein bands of interest. Alternatively, the
membrane incubated with the chemiluminescent substrate was exposed in the Odyssey

Infrared Imaging System (LI-COR Biosciences).

Antibodies: Anti-MBD2 (Santa Cruz sc-1244), anti-TZFP (Abcam 26066), anti-CD235a

(eBioscience # 12-9987-82), anti-CD71 (eBioscience # 14-0719-82).

Primers: The sequences of the primers used in chapter 3 are in Table 3.
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Table 3. List of primers used for gPCR in Chapter 3

Forward

Reverse

Probe

Human Y-
globin

GTG GAA GAT GCT
GGA GGA GAA A

TGC CAT GTG CCT
TGACTT TG

AGG CTC CTG GTT
GTC TAC CCATGG
ACC

Human B-globin

GCA AGG TGA ACG
TGGATGAAGT

TAA CAG CAT CAG
GAG TGG ACA GA

CAG GCT GCT GGT
GGT CTACCCTTG
GAC CC

Human GAPDH

TCG ACA GTC AGC
CGCATCTTCTTT

ACC AAATCC GTT
GAC TCC GACCTT

Human MBD2 | AAG AGC GAG TAC TTC TGT ATC AGC TGG AAG AAG CAC
AGC AAG TAC GCA AGC TCG CGA CAA TGA TGG CAG ACATC

Human TZFP GGA CAA AGG CTA TTC ACT CAA GCA CAC TAC CGAGTC
CAG GAG AAG TCA GAT GGA G CAC ACA GGA GAG AA

AGC CAC ATC GCT
CAG ACACCATGC
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1. Results:

A. Over-expression of ZBTB32 in CD34+ adult human erythroid cells activates the
fetal y—globin gene:

A better model than the mouse bone marrow CID cells to study regulators of fetal y-
globin gene silencing is an adult human progenitor derived erythroid cell system. As
described earlier, these cells express <1-2% fetal hemoglobin out of the total globin at
the end of their in vitro erythroid differentiation process. To validate this system to study
the function of ZBTB32, we knocked down MBD?2 in these cells and quantitated the
increase in ZBTB32 expression. Knockdown of MBD2 by ~80% (Figure 24A) causes ~
1.5-fold increase in the expression of ZBTB32 in these cells (Figure 24B). Therefore, in
line with our previous data, we hypothesized that over-expression of ZBTB32 in these
primary adult cells will activate expression of the fetal y-globin gene. The coding
sequence of ZBTB32 was stably over-expressed in these cells through lentiviral
transduction, followed by growth and erythroid differentiation of the cells. Over-
expression of ZBTB32 at the mRNA level was confirmed (Figure 24C). On day 10 of
differentiation, erythroid cells were selected by sorting for CD71/CD235a double positive
cells by flow cytometry. Analyses demonstrated that over-expression of ZBTB32
increased the expression of the y-globin gene by 2-fold compared to the empty vector
control (Figure 24D). At the same time, over-expression of ZBTB32 did not cause a
significant increase in adult B-globin gene expression, which suggests that the effect of
ZBTB32 on fetal y-globin gene expression is specific to that gene and not a non-specific
effect on the 3-globin gene locus (Figure 24E). Also, over-expression of ZBTB32 did not

interfere with the normal differentiation of the erythroid
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Figure 24. Validation and functional analysis of ZBTB32 in CD34+ adult erythroid cells. CD34+
primary adult human CD34" erythroid progenitor cells were transduced with anti-MBD2 shRNA and SCR
control expressing lentivirus. Western blot analysis shows (A) ~75% knockdown of MBD2 in these cells at
the protein level and (B) increased expression of ZBTB32 at the protein level in the MBD2 knocked down
CD34" erythroid cells. The western blot is representative of three independent experiments. (C) (C)
CD34" erythroid progenitor cells were transduced with lentivirus expressing the coding sequence of
hZBTB32 and the empty vector control. gPCR analysis shows over-expression of hZBTB32 mRNA in
these cells as compared to the empty vector control. (D) Human fetal y-globin gene mRNA expression
was quantitated using gPCR and normalized to GAPDH. hZBTB32 over-expressing CD34" cells show ~2-
fold increased expression of the y-globin gene (p-value < 0.05). (E). Human adult B-globin gene mRNA
expression was quantitated using gPCR and normalized to GAPDH. hZBTB32 over-expressing CD34" do
not show a significant increase in the expression of 3 -globin gene (p-value > 0.05). Error bars denote
standard deviation of three independent experiments.
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Figure 25. ZBTB32 over-expressing CD34+ cells show normal erythroid differentiation profile.
Expression of cell surface markers CD71 and CD235a was analyzed using flow cytometry to study the
erythroid differentiation profile of the transduced cells. Both empty vector expressing control cells and
hZBTB32 expressing cells show normal erythroid differentiation. Level of erythroid differentiation is similar

in both the groups.
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cells as can be seen from the CD71/CD235a cell-surface marker analysis. Up to 95% of

the cell population consisted of double positive erythroid cells (Figure 25).

B. MicroRNA expression profile of MBD2 knockout mice:

Three wild-type and three MBD2"~ mice were injected intra-peritoneally with 1-acetyl-2-
phenylhydrazine in order to induce hemolytic anemia, an event which results in extra
medullary hematopoiesis in the spleen, making the spleen >90% erythroid. Total RNA
from the spleen was harvested and sent over to our collaborator Dr. Catherine Dumur
(Dept. of Pathology, VCU) for murine miRNA microarray analysis. This array covers
mMiRNAs from 71 organisms on a single array, including 609 murine miRNAs from the
Sanger miRNA database v11. Total RNA from our samples was ligated with a biotin
label followed by hybridization onto GeneChip® miRNA arrays, and it was scanned on
an Affymetrix GeneChip® Scanner 3000 G7.

Statistical analysis was restricted to the 609 murine miRNA probe sets. A two sample
student t-test was used to compare wild-type and MBD2"~ samples. The resulting p-
values were used to calculate the false discovery rate (FDR) using the Benjamini-
Hochberg method. Only one miRNA probe set, miR-210, showed a significant change
(FDR<5%) with an ~3 fold induction in MBD2"" compared to wild-type samples (Figure

26).

C. Validation of miR-210 expression in adult erythrocytes from $-YAC transgenic

mice:

To validate the differentially expressed miR-210 identified from the microarray screen,

we conducted miRNA quantitative PCR on the total RNA obtained from spleens of wild-

109



0.04 -

0.035 -

0.03 -

0.025 A

0.02 -

0.015 A

0.01 -

Relative miR-210 expression

0.005 A

MBD2+/+ MBD2-/-

*signifies p-value<0.05, n=3

Figure 26. Validation of miR-210 expression in mouse splenic erythroblasts. Total RNA from three
wild-type and three MBD2 knockout (MBD2"') mice was analyzed for mature miR-210 expression by
gPCR. MBD2" mice show ~3-fold (p-value<0.05) increased expression of miR-210 in the splenic
erythroblasts, validating the results obtained from the microarray screen. Error bars denoted standard
deviation of three different mice for each group.
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type and MBD2"" mice. qPCR verification did show a 3-fold increase in the expression
of miR-210, using U6 snRNA as an endogenous control (p-value<0.05,

n=3). U6 snRNA is a non-coding small nuclear RNA (snRNA) component of the U6
SnRNP (small nuclear ribonucleoprotein) RNA-protein complex which is involved in the
splicing of pre-mRNAs.

miR-210 is located on chromosome 11p15.5 and is transcribed from the intron 1 of a
non-protein coding processed RNA, the miR-210 host gene. The predicted size of the
pri-miR-210 is 2927 bp which is almost the same as that of miR-210 host gene. The
upstream regulatory region contains HIF-1a binding sites and several studies have
reported miR-210 as a robust hypoxia-inducible miRNA. Analysis of the upstream
regulatory region of the murine miR-210 host gene by the UCSC genome browser also
shows the presence of a CpG-island between -586 and -19 bp of the promoter (Zhou et
al. 2007) and differential methylation of this region has been reported in various
pathophysiological conditions (Kiga et al. 2014; Lages et al. 2011; Xiong et al. 2012).
This information suggests a potential direct role of MBD2 in epigenetic regulation of

miR-210.

D. Functional analyses of miR-210 expression in adult mouse bone marrow cells:
Given that MBD2-/- mice show elevated y-globin expression in adult erythrocytes as
well as a concomitant increase in expression of the miR-210, we hypothesized that
MBD2 might regulate y-globin gene expression in part through miR-210. Hence we
postulated that over-expression of miR-210 in mouse bone marrow CID cells and
primary adult human erythroid cells will be able to induce y-globin gene expression.

Chemical inducer of dimerization (CID) dependent B-YAC mouse bone marrow cells are
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widely used to study human y-globin gene regulation. These cells are derived from the
bone marrow of B-YAC transgenic mice and can be propagated in culture by liquid
media containing an artificial chemical inducer of dimerization (Blau et al., 2005). This
chemical induces thrombopoietin signaling through homodimerization of FKBP (FK506
binding protein) binding domains which are in turn fused to thrombopoietin signaling
domain. The resultant signaling pathway enables indefinite proliferation of these bone
marrow cells. These cells predominantly express adult human B-globin and very low
levels of fetal y-globin (<1% of B-globin), akin to adult human erythroid cells, thus
making it a good in vitro system to study regulators of the fetal y-globin gene.

Stable over-expression of miR-210 was achieved by lentiviral delivery of the mature
miR-210 in these cells. Up to 2-fold ectopic expression of mature miR-210 was
achieved in these cells as quantitated by gPCR. Quantitation of human fetal y-globin
and adult B-globin mRNA levels was further carried out in these cells. Fetal y-globin
gene showed an increased trend in expression by ~2.4 fold when normalized to
glycophorin A gene expression, however this was not statistically significant (n=3, p-
value>0.05) (Figure 27A). Interestingly, quantitation of the human (-globin gene also
showed a similar but significant increase in expression by ~ 3.1-fold (n=3, p-
value<0.01), thus indicating an overall increased B-type globin gene expression,
possibly brought about by induced erythroid differentiation of the multi-potent bone

marrow cells (Figure 27B).
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Figure 27. mir-210 regulates human B-type globin gene expression in 3-YAC mouse bone marrow
cells. CID-dependent 3-YAC mouse bone marrow cells were transduced with lentivirus expressing miR-
210 and SCR control. Human fetal y-globin and adult B-globin gene mRNA expression was quantitated by
gPCR and normalized to mouse Glycophorin A expression. (A) Human y-globin gene shows an increased
expression with miR-210 expression, although it is not statistically significant (n=3, error bars denoted
standard deviation). (B) miR-210 over-expressing CID cells show ~3-fold increased expression of human
adult B-globin gene as compared to SCR control infected cells (p-value<0.05, error bars denote standard
deviation of 3 independent experiments).
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E. Validation of miR-210 expression in MBD2 knockdown CD34" hematopoietic
progenitor cells:

Following a preliminary functional analysis of miR-210 in the murine erythroid system,
we investigated the role of miR-210 in the human erythroid system. To this end, we
guantitated mature miR-210 expression in stable MBD2 knocked down CD34+ cells by
gPCR. Knockdown of MBD2 in CD34+ cells causes a modest 2-fold increase in
expression of mature miR-210. However, due to a large variability in the fold-change,
the increase in miR-210 expression was not found to be statistically significant over
multiple repeats (n=8, p-value>0.05) (Figure 28). This observation may arise from the
fact that erythroid cells harvested for mRNA analysis are often a heterogeneous
population. Although the differentiated cells are sorted for CD71/CD235a double
positive populations only, within this erythroid population one may envision cells at
different stages of erythroid differentiation and hence have different miRNA expression
levels.

Alternately, we hypothesized that a significant increase in miR-210 expression may
require very high levels of MBD2 knockdown, which would also indicate high level of y-
globin gene expression. For each experiment conducted on the same sample of CD34+
cells, in Table 4 we have plotted values of the percentage of MBD2 knockdown,
gamma/(gamma-+tbeta) globin fold change in MBD2 knockdown vs. SCR cells and the
increase in miR-210 expression as compared to the SCR controls. It can be observed
that with highest level of MBD2 knockdown and y-globin gene induction, miR-210

expression is significantly higher as compared to its SCR control. As the percentage of
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Figure 28. miR-210 expression in MBD2 knockdown CD34+ erythroid cells. MBD2 was knocked
down by about 75% in CD34" erythroid cells, followed by their in vitro erythroid differentiation. miR-210
expression was quantitated by gPCR and normalized to UBRNA expression. miR-210 expression was not
statistically significant in MBD2 knockdown erythroid cells (n=8, error bars denote standard deviation).
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MBD2 knock down and y-globin gene expression reduces, the fold-change in

expression of miR-210 becomes variable and less consistent. Since the most robust

induction of miR-210 was observed in MBD2 knockout erythroid cells, our data suggests

that increased expression of miR-210 in erythroid cells may require >90% elimination of

MBD2.

Table 4. miR-210 expression in a background of varying MBD2 knockdown and y-globin gene
expression in erythroid cells. Expression of miR-210, MBD2 and y-globin gene was measured by
gPCR. Percentage of MBD2 knockdown positively correlates with percentage of absolute y-globin gene
expression i.e. tMBD2 knockdown o 1y-globin gene expression and this is statistically significant. miR-
210 expression does not consistently show increased expression with higher MBD2 knockdown and

higher y-globin gene expression.

% MBD2 Knockdown Gamma/(gamma-+beta) fold Increase in MiR210 expression
change compared to SCR compared to SCR
90% 135 fold (14.29% HbF) 9.43
66% 15.65 2.14
51% 14.14 0.97
45% 7.62 1.03
— 9.28 0.67
no kd 4.84 no change
11% 2.87 no change
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F. Functional analysis of miR-210 in CD34" hematopoietic progenitor cells:
Although we were limited in validating the expression of miR-210 in MBD2 knockdown
CD34+ cells, we nevertheless proceeded with validating the function of miR-210 in
primary human erythroid cells. We over-expressed mature miR-210 in the primary
human erythroid cells through lentiviral expression. CD34+ human erythroid cells were
transduced with SCR and miR-210 expressing lentivirus and transduced cells were
selected by flow cytometry based on their expression of green fluorescent protein
(GFP). We achieved a very robust expression of mature miR-210 in the erythroid cells
as quantitated by gPCR (n=6, p-value<0.01) (Figure 29A). Following growth and
differentiation of the transduced CD34+ cells in vitro to erythrocytes, we quantitated the
expression of the fetal y-globin gene on day 10 of differentiation. We observe an
increased trend in expression of the fetal y-globin gene relative to total y-and 3-globin
gene expression in miR-210 over-expressing cells as compared to SCR control cells
(n=6, p-value>0.05) (Figure 29B). Given the role of miR-210 in erythroid differentiation
and its effect on both y-and B-globin gene induction in mouse erythroid cells, we
analyzed absolute expression of y-and B-globin gene expression by normalizing its
expression to an endogenous gene - GAPDH in SCR and miR-210 over-expressing
cells. MiR-210 over-expressing erythroid cells show ~ 2 fold increase in y-globin gene
(n=3, p-value>0.05) and a parallel 3-fold increase in B-globin gene expression (n=3, p-
value<0.05) (Figure 29C,D), similar to the observation in CID mouse bone marrow cells.
Over-expression of miR-210 does not affect the differentiation profile of the cells, as can
be seen from the similar cell surface marker expression by shSCR and miR-210

expressing cells (Figure 30). These results lead us to an understanding of the function
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Figure 29 Functional analysis of miR-210 over-expression in CD34+ cells. miR-210 was stably over-
expressed in adult erythroid progenitors followed by their in vitro erythroid differentiation. miR-210 and
globin gene expression was quantitated using qPCR. (A) Over-expression of miR-210 by upto 23-fold as
compared to SCR controls was achieved by lentiviral delivery of mature miR-210 (p-value<0.01, n=6,
error bars denote standard deviation). (B) Absolute gamma globin gene expression
(gamma/gamma+beta) shows an increased expression trend in miR-210 over-expressing erythroid cells
as compared to SCR controls. However, the fold change is not statistically significant (n=6, error bars
denote standard deviation). (C) Human fetal y-globin gene mRNA expression was quantitated using
gPCR and normalized to GAPDH. miR-210 over-expressing CD34" cells show increased expression of
the y-globin gene, but it is not statistically significant (p-value > 0.05). (D). Human adult -globin gene
MRNA expression was quantitated using gPCR and normalized to GAPDH. miR-210 over-expressing
CD34" show a significant increase in the expression of B -globin gene by ~2-fold as compared to SCR
control (p-value < 0.05). Error bars denote standard deviation of three independent experiments.
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Figure 30. Over-expression of miR-210 in erythroid cells does not affect their normal
differentiation profile. Percentage of CD71+/CD235a+ erythroid cell population (Quadrant Q2) is similar
in (A) SCR expressing control cells and (B) miR-210 over-expressing cells. (Percentage values denote
average and standard deviation of 6 independent experiments).
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of miR-210 in B-type globin gene expression in erythroid cells, possibly through
modulation of erythroid differentiation and a general effect on transcription of genes
belonging to the B-globin gene locus. It also sheds light on a novel downstream effector

of MBD2 through which it may mediate its effect on y-globin gene expression.

V. Discussion:

Methyl CpG-binding domain protein 2 (MBD2) mediates developmental silencing of the
fetal y-globin gene, although without direct interaction with cis-regulatory sequences
near the y-globin gene promoter (Rupon et al. 2006a). In fact, MBD2 does not bind to
any promoter sequences within the 3-globin gene locus. This result could be anticipated
given that the entire human 3-globin gene locus is CpG sparse and the MBD2-NuRD
complex requires at least 12 methylated CpG dinucleotides for binding methylated DNA
in vitro (Ginder, Gnanapragasam, Mian 2008; Meehan et al. 1989; Mian et al. 2011;
Wade 2001). In vivo MBD2 binds only to densely methylated CpG islands. Hence, we
set out to define the mechanism of action for developmental silencing of the fetal y-
globin gene by MBD?2.

We hypothesized that MBD2 may regulate silencing of y-globin gene expression in
adult erythrocytes by an indirect mechanism which may involve other gene(s) or
MiRNA(s). MiRNAs have recently evolved as vital small non coding RNAs that play
important roles in regulating gene expression. Loss of MBD2 would activate expression
of a gene or a miRNA, which would in turn activate the expression of the fetal y-globin
gene. To test our hypothesis and identify downstream effectors of MBD2, we carried out

gene and miRNA expression microarrays in splenic erythrocytes of MBD2" and wild
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type mice. 93 genes were found to be up-regulated in MBD2"" mice compared to wild-
type mice; a single miRNA, miR-210 was found to be increased in expression in MBD2™""
erythrocytes.

So far MBD2 has been shown to regulate a limited set of genes in normal
development. MBD2"" mice show disrupted expression of IL-4 and interferon-y in helper
T cells (Kersh 2006), abnormal expression of exocrine pancreatic genes in the colon
(Berger et al. 2007), elevated expression of the Xist gene (Barr et al. 2007) and

dysregulation of olfactory receptor neuron differentiation (Macdonald et al. 2010). Mbd2

/ min/+

" mice also show reduced adenoma formation in Apc mice by attenuating the Wnt
signaling pathway (Phesse et al. 2008). Limited studies have been performed to
understand the function of MBD2 in normal development. In the erythroid system in
mice, our studies identify a new set of protein coding genes that are regulated by MBD2
in normal physiology. They indicate that loss of MBD2 disrupts the expression of just a
few hundred genes rather than a large set of thousands of genes in the erythroid
compartment. Similarly, miRNA microarray results showed a single differentially
regulated miRNA, miR-210, in MBD2" adult erythrocytes. MBD2 has been shown to
regulate expression of miR-373 in hilar cholangiocarcinoma (Chen et al. 2011).
However, miR-210 is so far the only miRNA recognized to be regulated by MBD2 in
normal tissues.

We used Ingenuity pathway analysis (IPA) to identify candidate genes for a potential
role in regulation of the y-globin gene in adult erythrocytes. IPA analysis helped to

categorize the differentially regulated genes based on their functions and we focused on

genes involved in hematological pathways. Four genes were identified as candidates
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based on increased expression in MBD2" erythrocytes and presence of a CpG Island in
its promoter region: Zbtb32, YAF2, Baf57 and ITCH. Of these, only Zbtb32 was
validated for its increased expression in the MBD2™ adult erythrocytes by gqPCR. Zbtb32
was further validated for its increased expression in MBD2 knock down mouse
erythroleukemia cell line (MEL), CID-dependent B-YAC mouse bone marrow cells and
primary adult human CD34" erythroid cells. A high number of false positives may arise
due to variability in modifier genes brought about by the mixed background of the mice
used in this study. Although this can be a limitation, the advantage of using mixed
background mice as compared to inbred mice is that the former better represent the
variation present in human populations.

We further validated the functional role of ZBTB32 in human y-globin gene expression
in CID B-YAC mouse bone marrow cells and primary adult human CD34" erythroid cells.
Both of these in vitro cell systems have an adult 3-globin gene expression profile and
minimal expression (<1%) of fetal hemoglobin (Blau et al. 2005; Pope et al. 2000).
Over-expression of ZBTB32 showed a modest increase in the expression of y-globin
gene (~2-fold), indicating that ZBTB32 may comprise one of the many different ways in
which MBD2 regulates the y-globin gene. Also, as described earlier, the repression of
the y-globin gene in adult erythrocytes is a complex interplay between many different
cis-acting sequences and trans-acting factors. Over-expression of a single positive
regulator may not be able to offset effects of other repressor proteins present in these
cells. At this stage, the mechanism of ZBTB32 mediated activation of the y-globin gene
in adult erythrocytes is conjectural. ZBTB32 has not been shown to be directly involved

in the regulation of the y-globin gene. However, it has been reported to interact with
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GATAZ2 which is known to be involved in y-globin gene regulation in human
erythroleukemia K562 cells (Ikonomi et al. 2000; Tsuzuki and Enver 2002). Study of the
expression profile of ZBTB32 in human erythroid progenitor cells displayed high
expression levels of ZBTB32 in the progenitor stage when the y-globin gene expression
is also higher, followed by a significant decline in expression of ZBTB32 as well as y-
globin in the differentiated erythroid cells (Dai et al. 2002). This could be consistent with
the role of ZBTB32 as a potential activator of the y-globin gene.

We validated miR-210 expression in MBD2" mouse splenic erythrocytes and also
carried out functional analyses in CID mouse bone marrow cells by over-expressing
miR-210. Our results showed a modest increase in y-globin gene expression, but a
more significant increase in adult B-globin gene expression, suggesting induced
erythroid differentiation of these cells caused by miR-210 over-expression. In primary
adult human erythroid cells, we were unable to report a consistent increase in miR-210
expression in MBD2 knocked down cells. However, our experimental strategy may be
limited by the fact that the differentiated cells used for analysis are a heterogeneous
population of erythroid cells. Although these cells are sorted for their expression of both
CD71 and CD235a cell surface markers, they may represent several different stages of
erythroid differentiation. This could in turn dictate the expression of miR-210 which has
been implicated in erythroid maturation of progenitor cells (Bianchi et al. 2009; Bianchi
et al. 2012). To address this concern, we could alternately sort different stages of
erythroblasts by categorizing the CD71+/CD235a+ cells in the R1-R5 sub groups, of
which R3-R5 sub-groups represent later stages of erythroid differentiation. Recent

studies have also introduced band 3 and a4 integrin expression as markers to the
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studies of erythropoiesis to isolated specific stages of erythroblasts through flow
cytometry (Hu et al. 2013).

Functional analysis of y-globin gene expression in miR-210 over-expressing cells
showed an increase in expression of the fetal y-globin as well adult B-globin gene
compared to the scramble expressing control cells, similar to results observed in mouse
bone marrow CID cells. The increase in y-globin gene expression however was not
statistically significant which may be due to the fact that each experiment in primary
human erythroid cells is conducted on cells from an individual bone marrow donor.
Hence part of the variability in our results represents the variability seen in a mixed
human population with various genetic backgrounds. Increasing the sample size of the
experiments might bring the increased fold change of y-globin gene expression in miR-
210 over-expressing cells in a statistically significant range.

Thus, taken together, both the murine and the human erythroid cell systems display an
effect of miR-210 over-expression on y- and 3-globin gene expression. Several other
groups have reported a role of miR-210 in erythroid differentiation. miR-210 expression
is increased in a cell culture model which induces y-globin gene expression and
erythroid differentiation (Bianchi et al. 2009). Moreover, miR-210 levels are also
elevated during mouse fetal liver erythroid cell differentiation in vitro (Kosaka et al.
2008). miR-210 has been shown to be up-regulated in erythroid cells of patients with (3-
thalassemia and high HbF levels (Bianchi et al. 2009). Hence, miR-210 expression has
been correlated with increased y-globin gene expression and erythroid maturation,
however the mechanism has not yet been identified. No known targets of miR-210 have

been shown to be involved in erythropoiesis, nor have bioinformatic analyses through
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mMiRNA target prediction algorithms identified any known regulators of 3-type globin
expression as targets of miR-210.

However, miR-210 is also predominantly a hypoxia induced miRNA and hypoxia
response of erythroid cells has been shown to induce erythroid differentiation in part
through miR-210 (Sarakul et al. 2013). Thus miR-210 may be an indirect regulator of (3-
type globin gene expression through pathways that involve induced erythroid
differentiation or hypoxia mediated stress erythropoiesis. The role of miR-210 in
erythroid differentiation could be further evaluated in conditions of ineffective
erythropoiesis caused by a maturation blockade example congenital dyserythropoietic
anemia and B-thalassemias. It would be worthwhile to investigate whether over-
expression of miR-210 can restore normal erythroid differentiation of immature erythroid
cells.

In conclusion, our studies have identified two novel targets of MBD2 in the adult
erythroid system: ZBTB32 and miR-210. We tested the function of both of these factors
individually in adult mouse bone marrow cells and primary adult human erythroid cells.
ZBTB32 and miR-210 modestly contribute to the induction of y-globin gene expression
in MBD2 deficient erythroid cells. Given the current literature and our data, we believe
that ZBTB32 and miR-210 function in independent pathways to induce y-globin gene
expression. Co-expression of ZBTB32 and miR-210 in primary adult human erythroid
cells would be anticipated to produce at least an additive increase in y-globin gene
expression. Optimization of the lentiviral transduction method will be required to perform

co-transduction of both downstream effectors of MBD2 in primary erythroid cells.
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CHAPTER 4: Summary, Future Directions and Perspectives

Sickle cell disease and B-thalassemia are among the most common monogenic
disorders worldwide. Sickle cell disease is characterized by “sickle” shaped red blood
cells caused by polymerization of deoxygenated HbS. Sickling of red cells leads to
vaso-occlusion and ischemia in small vessels causing painful crises and multiple organ
damage. Hydroxyurea is the only therapeutic option for patients with sickle cell disease,

however, its effects are often variable. p-thalassemia is characterized by reduced

synthesis of the B-globin chains. Cooley’s anemia or B-thalassemia major is the most

severe form of the disease and blood transfusions are the standard course of treatment
for these patients. Iron chelation therapy is required to deplete the iron deposits in
organs due to regular blood transfusions. Reactivation of fetal hemoglobin in patients
with sickle cell disease and B-thalassemia can alleviate symptoms of the disease.
Understanding the regulators involved in the fetal-to-adult hemoglobin switch can
provide new avenues for search of molecular drug targets with higher efficacy and lower
side-effects.

Research over the past 6 decades has added valuable information to the

understanding of the hemoglobin switching process. DNA methylation has emerged as
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an important regulator of embryonic and fetal globin gene expression (Gnanapragasam
et al. 2011b; Rupon et al. 2006b; Rupon et al. 2011b). The MBD2-NuRD co-repressor
complex directly represses the expression of the chicken p-globin gene in avian adult
erythroid cells whereas it indirectly regulates y-globin gene expression in human cells
(Rupon et al. 2006b). MBD2 knockout mice carrying the human (3-globin gene locus (3-
YAC) display higher than normal expression of the human fetal y-globin gene in adult
erythroid cells (Rupon et al. 2006b). Primary adult human erythroid cells deficient for
MBD?2 also exhibit significant reactivation of the y-globin gene (Gnanapragasam et al.
2011b). Partial knockdown of the Mi2[3 subunit of the NuURD complex has an even larger
effect on de-repression of the fetal y-globin gene, through additionally down-regulating

BCL11A and KLF1 proteins which are repressors of the y-globin gene in adult erythroid

cells. KLF1 and BCL11A have been shown to play a major role in y —globin gene

expression. KLF1 is a positive regulator of the adult B-globin gene and the BCL11A
gene. BCL11A binds to the B-globin gene in the y-0 intergenic region and brings about
repression of the y-globin gene, through its interaction with co-repressor complexes that
include the MBD3-NuRD complex, LSD1/CoREST complex, Sin3A, NCoR/SMRT, and
DNMT1 (Bauer, Kamran, Orkin 2012). The NuRD complex with its various binding
partners has been identified as an important network point in regulation of fetal y-globin
gene expression. However, further work is required to elucidate the assembly and
functional organization of the various subunits of the NuRD complex.

In our studies presented in Chapter 2, we have pursued the structural and
functional characterization of a previously uncharacterized domain of MBD2, MBD2,pk.

This domain of MBD2 lies between the N-terminus methyl-binding domain (MBD) and
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the C-terminus coiled-coil (CC) interaction domain. MBD2, as a whole protein, has been
difficult to express in vitro, which limits its biophysical characterization. Therefore, we
strategized to characterize the structure of MBD2 domain by domain. We have
previously described the structure of chicken MBD2, which is 96% identical to human
MBD?2 in protein sequence (Scarsdale et al. 2011b). We also studied the coiled-coil
domain of MBD2 and described its interaction with the conserved region 1 (CR1) of
p66a component of the NURD complex (Gnanapragasam et al. 2011b). In collaboration
with the research group lead by Dr. David Williams, we conducted NMR studies that
identified the MBD2pr to be an intrinsically disordered region. Our results outline that
despite the inherent disorder, MBD2,pr is involved in two important functions: 1)
modifying the kinetics of DNA binding and MBD2’s affinity for methylated DNA through
ionic interactions mediated by the positively charged N-terminal region of MBD2,pr and
2) mediating interaction of MBD2 with the histone deacetylase core of the NuRD

complex. In pursuit of refining the former function, we mapped two contiguous amino

286 287

acid residues, Arg™" and Leu”’ to form a critical region of interaction between MBD2pr
and the histone deacetylase core. Mutation of these key residues in full length MBD2
protein significantly disrupted its interaction with RbAp48, HDAC2 and MTA2 subunits.
To test the role of these critical amino acids in the repressive activity of MBD2, we
mutated the two contiguous amino acids in the full length MBD2 protein and
investigated its function in vivo. We designed an in vivo gene repression assay in a
breast cancer cell line such that a tumor suppressor gene PRSS8 silenced by MBD2

mediated repression was used as a reporter of MBD2 function (Chen et al. 2001). To

this end, endogenous MBD2 was stably knocked down in MDA-MB-435 breast cancer
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cells and wild type as well as double mutant MBD2 was re-introduced in the cells
through a lentiviral expression system. In this system, we could attain about 50%
knockdown of endogenous MBD2 protein and a comparable level of enforced
expression of wild-type and double mutant MBD2 protein. We observed that add back of
wild-type MBD2 repressed the PRSS8 gene beyond the baseline expression level set
by the control cells, whereas the double mutant MBD2 failed to do so. This resulted in a
2-fold higher expression of PRSS8 in the double mutant MBD2 expressing cells as
compared to the wild-type MBD2 expressing cells. This observation reflected an
impaired repressor function of the MBD2 protein due to its disrupted interaction with the
histone deacetylase core of the NURD complex.

For de-repression of a gene silenced by MBD2, at least a 75% knockdown of the
MBD2 protein is required (Amaya et al. 2013; Gnanapragasam et al. 2011b). Since we
were able to achieve only a 50% knockdown of endogenous MBD?2 in our assay due to
technical limitations, we did not observe a complete de-repression of the gene PRSS8.
Also, genes known to be repressed by MBD2 have been identified either in MBD2
knockout mice or through knockdown of MBD2 in various cell systems. Functionally, this
entails loss of function of all the domains of MBD2. While our assay interferes with the
interaction of MBD2 with the histone deacetylase core, the double mutant MBD2 still
carries a functional MBD and CC domain. These domains will allow for the mutant
MBD2 to occupy sites of CpG methylation as well as recruit the p66a and Mi2[3 proteins,
which bring about chromatin remodeling activities at the respective locus. A combined
effect of both of these events may prevent complete de-repression of the target gene of

MBD2, even in the absence of interaction with the histone deacetylase core
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components. Thus, complete de-repression of a methylated target gene may require de-
coupling of both histone deacetylase and chromatin remodeling activities from the
MBD2-NuRD complex. This hypothesis will be tested by introducing mutations in the
key residues of coiled-coil domain of MBDZ2, which are critical for its interaction with
p66a and Mi2[3 proteins, in addition to the key residue mutations in the IDR.

An ideal experimental design to study the function of mutant MBD2 protein will be
to introduce these critical mutations in the endogenous MBD2 gene in a cell line of
interest, followed by testing gene expression changes. Although this idea would have
been perceived as too far-fetched in the past, the field of genomic editing has been
revolutionized with the advent of the CRISPR/Cas9 technology. The CRISPR (Clustered
Regularly Interspaced Short Palindromic Repeats)/Cas9 system has been adapted from
the prokaryotic immune system which allows them resistance against foreign genetic
elements such as plasmids and phages in the form of adaptive immunity. This
technology has enabled generation of gene knockout cell lines and transgenic animals
at an unprecedented speed and greatly empowered genetic research (Maddalo et al.
2014; Platt et al. 2014; Swiech et al. 2014). A stunning application of the CRISPR/Cas9
system was recently reported in the correction of HBB mutations in B-thalassemia
patient-derived induced pluripotent stem cells (iPSCs). These “corrected” iPSCs
showed restored expression of the HBB gene post the gene editing when differentiated
into erythroblasts in vitro (Xie et al. 2014).

In the context of MBD2 function, the CRISPR/Cas9 system could be employed to
introduce the critical amino acid mutations in the endogenous MBD2 gene in a cell line

such as MDA-MB-435 where the function of MBD2 has been well characterized (Mian et
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al. 2011). Introducing mutations at critical sites in the MBD2,pr or the coiled-coil domain
or in combination will enable us to dissect the specific role(s) of the histone deacetylase
core and the chromatin remodeling components in MBD2 mediated repression of
methylated target genes. Gene expression microarray analysis will be employed in such
a system to understand regulation of specific sets of genes by the histone deacetylase
core or the chromatin remodeling components of NURD. Such an experiment where the
interaction of MBD2 with both histone deacetylase and chromatin remodeling
components of the NURD complex is disrupted will also shed light on the function of
MBD2 as an independent methylation-mediated transcriptional repressor.

The fetal y-globin gene has been extensively studied by our lab as a target of the
MBD2-NuRD co-repressor complex in murine as well as human systems. Studying the
function of critical residues of the MBD2pr in the context of developmental silencing of
the y-globin gene by MBD2 is an ongoing project in the lab. Knockdown of MBD2 in
adult human erythroid cells causes a robust de-repression of the fetal y-globin gene,
which provides a bigger dynamic range to study the function of mutant MBD2 protein in
these cells. A functional assay similar to that in the MDA-MB-435 breast cancer cells is
being pursued; endogenous MBD?2 is knocked down followed by introduction of wild-
type or double mutant MBD2 in sequential lentiviral transductions. Preliminary studies in
CD34" adult erythroid cells have generated encouraging results. However, the feasibility
of such an experiment is significantly limited by the low infection efficiency of primary
cells and reduced viability of the cells due to double lentiviral infections. If the design of
experiment works successfully in CD34" cells, future studies will be planned to introduce

critical residue mutations in the coiled-coil domain of MBD2 in combination with the
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mutant MBD2,pr and study its effect on y-globin gene expression. We anticipate that
expression of MBD2 carrying mutations in both IDR and CC domains may lead to de-
repression of the y-globin gene at levels comparable to those in MBD2 knockdown
CD34" cells.

A long standing goal of the lab has been to inhibit the repressor activity of the
MBD2/NuRD complex. The repressor activity of MBD2 is mediated through interactions
with other co-repressor proteins, suggesting that disruption of these protein-protein
interactions can serve as a potential avenue to inhibit its function. Intrinsically
disordered proteins have recently been identified as attractive drug targets for inhibiting
protein-protein interactions because of their over-representation in disease pathways
and characteristic high specificity-low affinity interaction networks (Metallo 2010).
However, leads to such inhibitors have been limited by the fact that protein-protein
interactions involving unstructured regions often span large flat contact areas and lack
short binding pockets which are ideal for drug targets. Alternately, inhibitors targeting
disordered regions can be designed to prevent interaction between the unstructured
region and its structured ligand/interaction partner. Recent work has indicated that
protein-protein interactions based on disorder-to-order transition of an intrinsically
disordered protein can be disrupted (Dawson et al. 2003; Klein and Vassilev 2004;
Stauffer 2007). Few studies of intrinsically disordered proteins have led to the discovery
of successful small molecule inhibitors. Examples include, inhibitor of interaction
between tumor suppressor p53 and its binding partner Mdm2; Mdm2 by binding to an
intrinsically disordered region of p53 targets p53 for ubiquitination and causes it to be

transported out of the nucleus. Small molecule inhibitors called “nutlins” have been
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identified which associate with Mdm2 and thus prevent its interaction with p53 (Klein
and Vassilev 2004). The interaction between oncoprotein c-myc and its binding partner
Max has been inhibited by by small molecules which bind c-myc and stabilize its
disordered conformation. This in turn prevents its interaction with Max protein
(Hammoudeh et al. 2009). Characterization of the MBD2pr adds valuable insight to
understanding interactions within the multi-protein NuRD complex. Identification of the
two contiguous amino acid residues critical for the interaction between MBD2pr and the
histone deacetylase core subunits provides an exciting avenue to target these protein-
protein interactions within the NuRD complex through small molecule/peptide inhibitors.
An important step towards identifying small molecule/peptide inhibitors of the MBD2-
NuRD complex will be to better define the structure of MBD2 protein. We have
previously reported the structure of the chicken MBD bound to methylated DNA
sequence (Scarsdale et al. 2011a) and the helical coiled-coil interaction between CC
domain of MBD2 and the conserved region 1 (CR1) of p66a protein (Gnanapragasam et
al. 2011b). We have now also characterized the structure of the MBD2pr as an
intrinsically disordered region in isolation and in the context of its interaction with
methylated DNA. However, many intrinsically disordered regions often fold into a well-
defined conformation in the presence of their binding partners (Tompa 2002). This
refolding of the region is guided by principles of thermodynamics that dictate that
binding will stabilize and strengthen binding interactions. Our studies suggest an
interaction between MBD2,pr and RbAp48, HDAC2 and MTAZ2 proteins. To understand
the structure of the MBD2pr in presence of its binding partners, MBD2 pr will need to be

co-expressed along with RbAp/HDAC/MTA proteins and purified as a complex. NMR
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spectroscopy of this complex will better define the structure of MBD2pr in the presence
of its functional interactions.

MBD2 and MBD3 are highly similar proteins and are both involved in regulatory
functions through interactions with the NuRD complex. MBD2pr and the homologous
region of MBD3 are 79% identical in protein sequence and this amino acid sequence
can be a strong determinant of the protein structure. To extend the information gained
through our work on MBD2, we will hypothesize that the region of MBD3 homologous to
MBD2,pr will also be intrinsically disordered and be involved in recruiting the histone
deacetylase core of the NURD complex. In the absence of the functional methyl-binding
domain, the positively charged N-terminal region of MBD3, which is homologous to
MBD2pr, may facilitate non-specific ionic interactions of MBD3 protein with the DNA.
The MBD3/NuRD complex is involved in many important biological processes, in
particular embryonic development as well as reprogramming of iPSCs and pluripotency
of embryonic stem cells (dos Santos et al. 2014; Hendrich et al. 2001; Rais et al. 2013).

In the work detailed in Chapter 3, we investigated the mechanism of MBD2
mediated repression of the fetal y-globin gene. Through microarray analysis of protein-
coding genes and miRNAs differentially regulated in MBD2" mice, we identified two
new targets of MBD2: ZBTB32 and miR-210. We successfully validated the function of
ZBTB32 in various murine and human erythroid cell systems, wherein over-expression
of ZBTB32 modestly induced the expression of the fetal y-globin gene in adult erythroid
cells. Similarly, enforced expression of miR-210 in adult erythroid cells displayed an
effect on increasing the expression of the fetal y-globin gene. Taking into account our

current understanding of the biological functions of ZBTB32 and miR-210, we believe
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that both of these factors regulate y-globin gene expression through independent
pathways. Simultaneous enforced expression of ZBTB32 and miR-210 will be
hypothesized to have an additive effect on the induction of the fetal y-globin gene in
adult erythroid cells. The execution of this experiment has been limited by technical
difficulties involved in maintaining optimum transduction efficiency and viability of CD34"
primary human erythroid cells transduced with two lentiviral vectors. Two approaches
will be used to overcome this limitation: 1. Improving lentiviral transduction efficiency 2.
Use of a lentiviral expression vector allowing high expression of the gene of interest
followed by selection of transduced cells through a method other than FACS.
Rapamycin, an inhibitor of mammalian target of rapamycin (MTOR) complexes, can
improve lentiviral transduction of hematopoietic stem cells by increasing cytoplasmic
entry of lentiviruses by endocytic events (Wang et al. 2014). Through careful design of
experiments to ensure minimum cytotoxicity, introduction of rapamycin in the lentiviral
transduction mixture will be used to improve transduction efficiency of CD34" cells. For
the second approach, lentiviral expression vectors that carry a cell surface antigen gene
instead of GFP or a drug selection marker will enable selection of transduced cells
through magnetic bead sorting, a technique that is easier to perform and does not affect
viability of the transduced CD34" cells.

Given the modest fold changes in y-globin gene expression by over-expression of
either ZBTB32 or miR-210, we anticipate that there exist other effectors of MBD2, which
also contribute to its repressive effect. Long non-coding RNAs have gained increasing
significance in transcriptional regulation and various biological processes (Wilusz,

Sunwoo, Spector 2009). Regulation of non-coding RNAs by MBD2 is an unexplored
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area, which holds great potential and will enable identification of yet unknown

mechanisms of transcriptional regulation by MBD2.

Perspectives:

Several potential molecular targets for reactivation of fetal hemoglobin in adult cells
have been identified. Of these, BCL11A is one of the prime candidates that have been
pursued due to its impressive therapeutic potential as observed in Bcllla knockout
sickle cell disease transgenic mice. These transgenic mice show a dramatic elevation of
fetal hemoglobin expression in adult erythroid cells and an almost curative effect on
sickle cell disease pathophysiology. Though initial studies were encouraging, studies in

primary human adult erythroid cells showed a relatively less dominant effect of BCL11A

on y—globin gene expression. This result arises from the fact that regulation of the

transgenic human y-globin gene in mice has differences in regulation in mice compared

to humans due to the absence of a fetal B—type globin gene in mice. Nevertheless,

targeting BCL11A has been a challenge since its exact mechanism of action is not very
clear and it does not harbor an enzymatically active functional domain, which could be
targeted through small molecule inhibitors. BCL11A may function through a multi-

protein complex and targeting the protein-protein interactions may be imperative to

inhibit its activity as a repressor of fetal y-globin gene. Besides, given the role of

BCL11A in normal lymphoid development, systemic effects of pharmacologically

targeting BCL11A remains a concern.
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The MBD2-NuRD co-repressor complex serves as an attractive epigenetic target for
induction of fetal hemoglobin in adult erythrocytes of patients with (3-
hemoglobinopathies. In contrast to other known regulators of fetal hemoglobin, MBD2
stands out as a target of clinical significance due to its minimal involvement in
processes of normal development and erythroid differentiation. MBD2”" knockout mice
are viable and fertile and display a minimally abnormal phenotype. MBD2 deficient
primary human erythroid cells also show normal cellular proliferation and differentiation.
This underscores the therapeutic potential of targeting MBD2 since it would not affect
normal physiological processes. However, the road to developing inhibitors of the
MBD2-NuRD complex has been wrought with many obstacles.

The first challenge is the need for a robust in vitro system that can provide a
dynamic read-out for the repressor function of the MBD2-NuRD complex. The most well
defined role of MBD?2 is in developmental silencing of the fetal y-globin gene. Many in
vitro systems are available today to study the hemoglobin switch in murine and human
adult erythroid cells, but these systems have their limitations. 3-YAC mouse bone
marrow CID cells primarily express adult mouse and human globin genes; the
embryonic and fetal globin genes are very tightly repressed in these cells (Blau et al.
2005). Although MBD2 knockdown increases y-globin gene expression in these cells,
the tight transcriptional repression provides a small dynamic range to study the function
of MBD2. Recently, CID cells engineered with a y-globin promoter-firefly luciferase (y-
luc) and B-globin promoter-Renilla luciferase (B-luc) fusions from y-luc B-luc B-YAC
transgenic mice were developed for high-throughput screening of inducers of fetal y-

globin gene (Peterson et al. 2014). This system would allow the identification of
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compounds that specifically induce the firefly luciferase (y-globin), but not Renilla
luciferase (B-globin). A similar system would be required to screen large number of
compounds that inhibit the function of MBD2 and activate the y-globin gene promoter.
Primary adult human erythroid cells offer the advantage of a large dynamic range of y-
globin gene repression by MBD2; however the technical difficulties involved in genetic
manipulation of these cells are a challenge. Additionally, although primary adult human
erythroid cells have become a valuable and standard system to identify and
characterize regulators of the hemoglobin switch, there is lack of a consistency in the
extent of erythroid differentiation and relative y/(y+p) expression level achieved in
studies performed by different groups. Having a comparable quantitative end-point for
experiments involving primary human erythroid cells will add value to this system as
well as aide comparison of effects of various factors on the hemoglobin switch.

The feasibility of targeting the function of MBDZ2 is another challenge. Unlike most
“druggable” targets that possess enzymatic activities or well-defined binding pockets for
ligands that can be bound by small molecules, MBD2 functions as a repressor in co-
operation with the multiple proteins of NURD complex. Protein-protein interactions and
protein-DNA interactions are challenging drug targets. However, recent advances have
been made in developing covalently stapled peptides and small molecules, which can
disrupt protein-protein interactions. A stabilized alpha-helical peptide was synthesized to
interfere with the assembly of the active NOTCH transcriptional complex (Moellering et
al. 2009); a small-molecule inhibitor that disrupted the BCL6/corepressor complex by
binding at the binding groove of BCL6 BTB domain (Cerchietti et al. 2010), and a

hydrocarbon-stapled peptide modeled after the BIM BH3 helix which broadly targeted all
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BCL2 family proteins (LaBelle et al. 2012) are all examples of successful applications of
therapeutic targeting of protein-protein interactions. Our studies have identified two
critical interaction surfaces on the MBD2 protein, which can be targeted to disrupt
binding with the histone deacetylase and chromatin remodeling components of the
NuRD complex. In the future, this information will be employed to test a library of small
molecule inhibitors or to design synthetic peptides that can specifically target the critical
regions of MBD2. Targeting the function of MBD2 will have therapeutic value in
treatment of B-hemoglobinopathies as well as various cancers where tumor suppressor

genes are silenced by MBD2.
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