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High fetal hemoglobin (HbF) attenuates the severity of sickle cell disease
(SCD) by interfering with hemoglobin S polymerization; therefore increasing γglobin expression is an effective therapeutic approach for SCD. Variations in HbF
levels in sickle cell patients are associated with inherited genetic differences
found in genes encoding regulatory factors throughout the genome involved in γglobin gene regulation. Molecular targets such as microRNAs (miRNAs) that
modulate gene expression through post-transcriptional mechanisms are under
investigation as novel γ-globin regulators. The goal of this project is to identify
miRNA genes which regulate HbF. First, computational in silico analysis was
performed which identified miR-34a as a predicted target in the γ-globin gene
3’untranslated region (UTR). Transient and stable expression of miR-34a in
K562 cells, demonstrated increased γ-globin transcription and HbF synthesis. We
observed increased expression of GATA1, KLF1, CD235a, and the erythropoietin
receptor supporting the promotion of erythroid differentiation by miR-34a. The
fact that miR-34a activated HbF suggest it targets a negative regulator of γ-globin
gene expression rather than targeted the 3’UTR to promote degradation. The
levels of total and phosphorylated STAT3 were decreased in the miR-34a stable
clones suggesting a role of the γ-globin repressor STAT3, in the mechanism of
HbF activation by miR-34a. For the second approach, we analyzed miRNA

profiles using reticulocytes isolated from individuals with SCD with low and high
HbF levels and identified miR-144 as highly expressed in the low HbF group.
miR-144 targets NRF2, a transcription factor that mediates the cellular oxidative
stress response and is involved in drug-mediated HbF induction. Primary
erythroid progenitors in culture treated with miR-144 mimic had a decrease in the
number of HbF positive cells and the levels of NRF2 and HbF protein.
Pretreatment with miR-144 inhibitor reversed its negative effect on HbF
expression. Further evidence for this novel mechanism of γ-globin regulation was
collected using KU812 cells treated with hemin to generate a tissue culture model
of oxidative stress. The robust activation of NRF2 and HbF induction by hemin
was abolished after pretreatment with miR-144 inhibitor. These data support miR34a and miR-144, as positive and negative regulators respectively of HbF
expression.
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I.

INTRODUCTION

Statement of the Problem
Sickle Cell Disease (SCD) is one of the most prevalent genetic disorders affecting
millions of people worldwide. Not a single organ system is spared the devastating effects
of this blood disorder as circulating sickled red blood cells traverse the body. The
expression of fetal hemoglobin (HbF) has been identified as prognostic marker of disease
severity and mortality (Platt et al., 1994).

Decades of extensive research into the

mechanisms of HbF silencing have been undertaken to identify a means to reactivate the
γ-globin genes. Despite these research efforts, only a single pharmacological agent,
Hydroxyurea, has been approved by the FDA to treat SCD.

Limitations to using

Hydroxyurea are bone marrow suppression, concerns over long term potential
carcinogenic complications, and a 30% non-response rate (Charache et al., 1995). The
development of new and safer alternatives to Hydroxyurea is desirable.

Although

significant understanding of γ-globin gene regulation has emerged, little attention has
focused on miRNA pathways as a means to induce HbF. The goal of this project is to
identify novel miRNA genes, which contribute to the regulation of the γ-globin genes and
HbF expression using:

1

Aim 1: Computational in silico analysis.
Aim 2: Genome-wide miRNA gene expression profiling using RNA isolated
from individuals with SCD expressing low versus high level HbF levels.
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II.

REVIEW OF LITERATURE

Hemoglobin Overview
Hemoglobin is a tetrameric protein composed of two α- and β-globin polypeptides
chains located in red blood cells (RBCs); hemoglobin makes up 95% of total cytosolic
protein inside the RBC and its function is to transport oxygen to tissues throughout the
body.

An iron containing porphyrin ring or heme functional group is the moiety

responsible for binding and releasing oxygen from the hemoglobin molecule. Oxygen
binds hemoglobin in the lungs at high partial pressure, and oxygen is released in tissues
throughout the body under low partial pressure.
The α-like and β-like globin genes are encoded on two separate gene clusters, the
α-globin and HBB-locus, on chromosome 16 and 11 respectively (Figure 1). The human
α-globin locus encodes three functional genes (ζ, α2, and α1), and the human HBB-locus
encodes five functional genes (ε, γG, γA, δ, and β), which are preceded upstream by five
DNase1 hypersensitive sites (HS) known as the locus control region (LCR) (G.
Stamatoyannopoulos, 2005). The genes of the α- and HBB-locus are oriented from 5’ to
3’ in the order in which the genes are expressed during development. The human HBBglobin locus spans approximately 81 kb on the short arm of chromosome 11.
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Figure 1. Diagram of Chromosome 16, chromosome11, and the position of globin
genes on the α-globin locus and HBB-Locus.
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The LCR is located 6 to 20 kb upstream of the ε-globin gene (Tuan, Solomon, Li,
& London, 1985), serving as a erythroid-specific enhancer element

(Forrester,

Takegawa, Papayannopoulou, Stamatoyannopoulos, & Groudine, 1987; Langdon &
Kaufman, 1998). The LCR controls the expression of the β-like globin genes on the
HBB-locus during development in a temporal and spatial manner. The ability of the LCR
to influence globin gene expression is dependent on stage-specific transcription factors
that interact with the LCR and each respective globin gene promoter through DNA
looping facilitated by numerous transcription factors and chromatin remodeling
complexes

(Enver et al., 1990; Strouboulis, Dillon, & Grosveld, 1992; Townes &

Behringer, 1990).
The β-like globin genes on the human β-locus undergo two switches (Figure 2). After
conception primitive erythropoiesis occurs in the yolk sac and produces embryonic
hemoglobin (ζ2ε2 and α2ε2) (G. Stamatoyannopoulos, Majerus, Perlmutter, & Varmus,
2001). After six to eight weeks of development the site of erythropoiesis moves from the
yolk sac to the fetal liver and spleen (Wood, Bunch, Kelly, Gunn, & Breckon, 1985). At
the fetal stage, the ε-globin gene is silenced and replaced by Gγ- and Aγ-globin gene
expression during fetal development where HbF (α2γ2) is produced. The two γ-globin
proteins are identical except at position 136 where there is a glycine in Gγ and alanine in
γ. A ratio of 3:1 Gγ and Aγ production occurs during fetal development, and changes to

A

a ratio of 2:3 after birth. At 20 weeks of gestation the site of erythropoiesis shifts to the
bone marrow. Shortly before birth, the second hemoglobin switch occurs when γ-globin
is silenced and β-globin is activated. The second switch is completed 3-6 months after
birth. Total HbF expression declines to adult levels of <1% (Maier-Redelsperger et al.,
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1994) and is maintained at this level, which is restricted to erythrocytes called F cells
(Boyer, Belding, Margolet, & Noyes, 1975). During definitive adult erythropoiesis the
bone marrow becomes the major compartment of hemoglobin A (α2β2) and hemoglobin
A2 (α2δ2) production. HbA continues as the predominate form of hemoglobin produced
throughout adult life while HbA2 represents ~2.5% of total hemoglobin present in adult
red blood cells (G. Stamatoyannopoulos, et al., 2001). Clinical complications begin to
manifest in individuals with SCD once the switch from γ-globin to β-globin expression is
complete, thus research to understand mechanisms of γ-globin gene silencing is critical to
developing effective therapies for β-hemoglobinopathies.
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Figure 2. Hemoglobin Switching Curve. The developmental hemoglobin switch
curve shows the expression pattern of the β-like globin genes expression and sites of
hematopoiesis during ontogeny. Adapted from Phenotype-genotype relationships in
monogenic disease: lessons from the thalassaemias by D.J Weatherall, 2001, Nature
Publishing group.
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Sickle Cell Disease
Sickle cell Disease is an autosomal recessive hemoglobin disorder characterized by
the inheritance of two mutated alleles of the β-globin gene; a single nucleotide
substitution in the 6th codon from A to T, results in an amino acid substitution in the
protein sequence. There is a replacement of the hydrophilic amino acid glutamic acid
(E/Glu) by a hydrophobic valine (Ingram, 1957) which creates hemoglobin S (HbS,
α2βS2). As a consequence of the amino acid substitution, HbS has a significant decrease
in solubility under physiological conditions within the RBC compared to HbA. For
example

in

a

deoxygenated

state

HbS

polymerizes

into

rigid

fibers

(G.

Stamatoyannopoulos, et al., 2001) which distort RBCs leading to the classic sickled
shape cells and gives rise to the pathophysiology and complications observed in the
disease.

SCD is one of the most common type of genetic diseases encountered

worldwide, and the prevalence of such disorders is associated with the increased
biological fitness and resistance of the heterozygous population to malaria (Aidoo et al.,
2002; Nagel & Roth, 1989). However, in individuals that are homozygous, the condition
negatively impacts quality of life and shortens their lifespan (Platt, et al., 1994).

Pathophysiology and Oxidative Stress in Sickle Cell Disease
The pathophysiology of SCD is a result of the ability of HbS to undergo
polymerization under deoxygenated conditions leading to the characteristic sickled RBC,
and oxidative membrane damage (Browne, Shalev, & Hebbel, 1998).

The main

mechanisms that lead to the pathophysiology of SCD are chronic hemolysis and vasoocclusion. As sickle erythrocytes circulate in the vascular system HbS is subjected to
8

repeated rounds of deoxygenation; therefore the erythrocyte shifts back and forth from a
sickle to normal shape many times which renders the erythrocyte susceptible to
hemolysis. Vaso-occlusion occurs due to the abnormal erythrocyte shape and its ability
to adhere to the endothelial cells within the microvasculature leading to blood vessel
occlusion, tissue ischemia, endothelial activation, inflammation, oxidant damage, and
nitric oxide depletion over time (Steinberg, 2006).
Oxygen bound hemoglobin is subjected to autoxidation producing superoxide,
which converts functional hemoglobin, Hb-Fe(II), into oxidized Hb-Fe(III), which is
unable to bind oxygen (Rifkind, Mohanty, & Nagababu, 2015). Hydrogen peroxide is
produced during hemoglobin autoxidation spontaneously and by the dismutation of
superoxide (Rifkind, et al., 2015). In an intact erythrocyte there are enzymes that reduce
oxidized hemoglobin back to functional Hb-Fe(II).

The reactive oxygen species,

hydrogen peroxide and superoxide are cleared by the RBC antioxidant defense system
that involves non-enzymatic antioxidants such as glutathione, Vitamin E, ascorbic acid,
and enzymatic antioxidants including superoxide dismutase, catalase (Gonzales et al.,
1984), glutathione peroxidase (Nagababu, Chrest, & Rifkind, 2003), and peroxiredoxin-2
(T. H. Lee et al., 2003). Intact RBCs function as a way to compartmentalize hemoglobin
from the damaging effects of autoxidation and to protect the body from oxidative stress.
However, this system is overwhelmed due to chronic hemolysis that occurs in SCD.
Hemolyzed erythrocytes release large quantities of free hemoglobin, which contribute to
an increase in free plasma heme concentration and tissue damage.
When levels of free hemoglobin and heme exceed the ability of haptoglobin and
hemopexin to neutralize, adverse clinical manifestations occur. Hemoglobin scavenges

9

nitric oxide and disrupts nitric oxide-mediated functions such as regulation of vascular
tone, smooth muscle relaxation, neutrophil adhesion to the endothelial, and platelet
activation (Rother, Bell, Hillmen, & Gladwin, 2005). Free heme can bind to receptors,
transcription factors, and enzymes to alter cellular function, metabolism, and gene
transcription. Heme promotes a pro-inflammatory state (Wagener et al., 2001). Free
hemoglobin, heme, and oxidative stress contribute to the manifestations of SCD, such as
acute chest syndrome, kidney damage, and stroke (Owusu-Ansah, Choi, Petrosiute,
Letterio, & Huang, 2015).
The quality of life and mortality of individuals with SCD is negatively impacted by
the disease. The average life span of patients followed in the Cooperative Study of Sickle
Cell Disease conducted between 1978 and 1988 was 48 years old (Platt, et al., 1994)
which is 20 years less than the average of 68 years in the African American population at
the time this study was conducted (Platt, et al., 1994). The leading causes of death were
pulmonary disease, cerebrovascular events, crisis, sepsis, and infection (Steinberg et al.,
2003). Elevated HbF levels were correlated with increased survival and ameliorate the
clinical manifestations of SCD. HbF interferes with HbS polymerization by decreasing
cellular HbS levels and producing a hemoglobin hybrid (α2βSγ) (Poillon, Kim, Rodgers,
Noguchi, & Schechter, 1993). The mixed tetramers do not participate in polymerization
and total hemoglobin solubility is increased to further inhibit polymerization. Research
efforts are underway to elucidate molecular mechanisms γ-globin silencing to develop
effective therapies for SCD.
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Treatment Options
The major treatment options for SCD are induction of HbF by pharmacological
means or allogeneic hematopoietic stem cell transplantation; gene therapy is early in its
development. Hydroxyurea was approved by the US Food and Drug Administration in
1998 for the treatment of SCD, because of its ability to increase HbF expression.
Currently the only cure for SCD is hematopoietic stem cell transplantation, which has
been successful in several hundred patients producing a long term disease-free survival of
>70% (Mabaera et al., 2008). However, allogenic hematopoietic stem cell transplantation
therapy has many limitations. The best results are observed in children, who have not
suffered from significant disease complications and have a matched sibling donor, but
only a limited number of patients have donors. Gene therapy involving the transfer of a
functional copy of β-globin gene into the patient’s own hematopoietic stem cells is a
potential alternative to allogeneic bone marrow transplantation. However, there are
considerable obstacles to achieve this therapy like the difficulties of efficient transduction
with viral vectors in human stem cells and attaining a high level of gene expression
(Pawliuk et al., 1998; Sadelain, 2006).

Additional human studies are required to

demonstrate the efficacy of gene therapy.
Due to the continued challenges that occur with allogeneic and gene therapy-based
stem cell transplants, the most efficient way to treat individuals with SCD is the induction
of HbF using drug therapy. For example, Hydroxyurea is a ribonuclease reductase that
blocks DNA synthesis. Hydroxyurea and other cytotoxic compounds terminate actively
dividing progenitors and perturb cellular growth, which in turn drives rapid erythroid cell
maturation (Pace & Zein, 2006), thus favoring the production of RBCs that contain high
11

HbF levels. Limitations to using Hydroxyurea are bone marrow suppression, concerns
over long term potential carcinogenic complications, and a 30% non-response rate
(Charache, et al., 1995). The pursuit of newer safer HbF inducers is underway to provide
alternatives to Hydroxyurea.

Pharmacological Induction of Fetal Hemoglobin
Expression of the γ-globin genes is relatively low after the γ- to β-globin switch that
occurs shortly after birth.

To reactivate γ-globin transcription an open chromatin

conformation is desirable that will allow for activating transcription factors to bind at the
gene promoter. Research to identify inducers of HbF has focused on pharmacological
agents that modify the epigenetic landscape of the HBB-locus either through
hyperacetylation or decreased DNA methylation surrounding the γ-globin gene
promoters.
DNA methyl-transferases methylate the cytosine located within CpG islands to
mediate gene silencing. Silencing of the γ-globin genes is produced partially through
hypermethylation of the CpG islands in the promoter of adult erythroid cells (Mavilio et
al., 1983; van der Ploeg & Flavell, 1980). Therefore, DNA methyltransferase (DNMT)
inhibitors such as 5-azacytidine was the first pharmacological agent demonstrated to
induce HbF (DeSimone, Heller, Hall, & Zwiers, 1982). DNMT inhibitors work by
reversing methylation at the γ-globin promoter, which disassembles silencing complexes
resulting in a more open chromatin conformation. 5-Azacytidine is no longer being
pursued as a treatment option for SCD over concerns for its carcinogenic potential (Carr,
Reilly, Smith, Winberg, & Riggs, 1984). Decitabine (5-aza-2’deoxycytidine) is a safer
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analogue of 5-azacytidine that does not incorporate into RNA and is more efficacious
(Szafraniec, Stachnik, & Skierski, 2004).

Low-dose decitabine is able to maintain

elevated HbF levels in patients (DeSimone et al., 2002).
Histone deactylase (HDAC) inhibitors are a second major class of epigenetic
modifiers being investigated as HbF inducers. These drugs include scriptaid, trichostatin
A, apicidin, as well as the short chain fatty acid sodium butyrate. HDAC inhibitors
increase histone acetylation globally throughout the genome. They bind to central zinc
atom in HDACs to curtail enzymatic activity (Davie, 2003) and act through several
signaling cascades to promote HbF induction.
Sodium Butyrate and other short chain fatty acids activate γ-globin expression in cell
culture systems, animal models, and humans (Perrine et al., 1993; Perrine et al., 1989)
(Collins, Dover, & Luban; Collins et al., 1995; Dover, Brusilow, & Charache, 1994;
Liakopoulou et al., 1995; Torkelson et al., 1996).

Butyrate is an HDAC inhibitor

(Candido, Reeves, & Davie, 1978) and induces γ-globin gene expression partially
through histone acetylation (McCaffrey, Newsome, Fibach, Yoshida, & Su, 1997).
Butyrate response elements have been identified in the γ-globin promoter at the distal
CCAAT box (McCaffrey, et al., 1997) within the stage selector element (Ikuta, Kan,
Swerdlow, Faller, & Perrine, 1998) and at position -822 in the γ-globin promoter (Pace,
Li, & Stamatoyannopoulos, 1996). In addition to functioning as HDAC inhibitors, short
chain fatty acids and their derivatives activate γ-globin expression through alternate
mechanism such as STAT-5 activation and cell proliferation (Boosalis et al., 2001).
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Inherited Variations in HbF Expression
A delay in the clinical manifestations of SCD was observed in newborns homozygous
for HbSS which was attributed to high levels of HbF (Watson, 1948). HbF was also
found to be the most likely predictor for disease severity and life expectancy in
participants followed in the Cooperative Study of Sickle Cell Disease (Platt, et al., 1994).
In hereditary persistence of fetal hemoglobin (HPFH), HbF expression continues through
adulthood in individuals with mutations or deletions in the HBB-globin locus that prevent
γ-globin gene silencing (G. Stamatoyannopoulos, et al., 2001). Individuals with HPFH
are asymptomatic despite the fact that HbF has a greater affinity for oxygen than HbA.
Understanding the underlying mechanisms of persistent HbF may be critical to achieving
γ-globin reactivation as a therapeutic strategy to treat SCD. Therefore, investigating
pharmacologic agents and molecular targets such as DNA-binding proteins, small
interfering RNAs, and miRNAs, to re-activate γ-globin expression are potential strategies
for developing novel therapies for β-hemoglobinopathies.
Considerable variation exists in the SCD population regarding the expression of
HbF. With the rapid advances in next-generation sequencing technology, it is now
possible to conduct genome-wide studies to discover additional genetic traits that modify
the expression of γ-globin.

A number of genome-wide association studies were

conducted to ascertain which single nucleotide polymorphisms (SNPs) were associated
with high HbF levels or high F cell counts in normal, SCD, and thalassemia populations
(Lettre et al., 2008; Menzel et al., 2007; Sedgewick et al., 2008; So et al.; Thein et al.,
2007; Uda et al., 2008). Three major loci within the human genome including -158
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Xmn1-HBG2, HBS1L-MYB region, and BCL11A at 2p15 were discovered to be
associated with ~50% of inherited HbF variation (reviewed in Thein & Menzel, 2009).
The -158Xmn1-HBG2 (C/T) SNP in the Gγ promoter is associated with high HbF
levels in HbSS and β-thalassemia patients (Gilman & Huisman, 1985), which was further
confirmed in two independent studies (Labie et al., 1985; Thein et al., 1987). This SNP
accounts for ~13% of the variation seen in number of F cells (Garner et al., 2000).
The HBS1L-MYB region, which is associated with high F cells (Thein, et al.,
2007) is located 5’ to MYB (Thein, et al., 2007). Overexpression of MYB in K562 cells
decreases γ-globin expression; MYB expression was lower in primary erythroid cultures
obtained from individuals with HPFH compared to normal individuals (Jiang et al.,
2006). It is hypothesized lower MYB levels results in early termination of erythroblasts,
which results in lower RBC counts, and increased number of F cells (Jiang, et al., 2006).
It was reported that high levels of HbF in people with trisomy 13 is the result of the
increase in the expression of miR-15a and miR-16-1, which directly down-regulates
MYB (Sankaran et al., 2011).
The third SNP, discovered in genome-wide association studies, mapped to the
second intron of BCL11A located at 2p15 on the second chromosome. This location was
later reported to be a erythroid specific enhancer in the BCL11A gene (Bauer et al.,
2013). BCLL11A, a zinc finger transcription factor (Lettre, et al., 2008; Menzel, et al.,
2007; Sedgewick, et al., 2008; Uda, et al., 2008)is involved in the fetal to adult β-like
globin switch and γ-globin silencing which was demonstrated in sickle cell transgenic
mice (Sankaran et al., 2008). Knockdown of BCL11A expression by shRNA increases γglobin and HbF in human erythroid progenitor cells (Sankaran, et al., 2008). BCL11A
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has been reported to bind the β-locus at hypersensitive site 3 of the LCR and an
intergenic region between the Aγ- and δ-globin genes (Xu et al., 2013). BCL11A also
binds directly at the γ-globin promoter, recruits GATA-1, and COUP-TFII into a
repressor complex (Zhu et al., 2012).

BCL11A interacts with several repressor

complexes that mediate γ-globin gene silencing, such as the co-repressors
LSD1/CoREST, which are components of a histone demethylase complex (Xu, et al.,
2013), GATA-1, the NuRD complex (Sankaran, et al., 2008) and DNMT1 (Xu, et al.,
2013). BCL11A interacts with SOX6 via long range interactions at the γ-globin promoter
(Xu et al., 2010). SOX6, a Sry-related high-mobility group box transcription factor
which silences the mouse εγ-globin (Yi et al., 2006). Interestingly, BCL11A expression is
regulated by miRNA. A correlation between miR-486-3p expression and higher levels of
HbF among a subset of β-thalassemia patients led to the discovery that this miRNA
directly regulates the extra-long isoform of BCL11A within the 3’UTR (Lulli et al.,
2013).
Studying the genetic traits of families that present with HPFH led to the discovery of
additional genetic traits responsible for inherited HbF levels. Monoallelic loss of
Kruppel-Like Factor 1 (KLF1) in a Sardinian family was responsible for elevated HbF
(22.1-30.9%) (Satta et al., 2011); the missense mutation K332Q abolished the DNA
binding site in KLF1. A SNP at location 19p13.12 in KLF1 was identified by genetic
analysis of a Maltese family; ten out of twenty-seven members of the family presented
with HPFH due to a mutation in KLF1 (pK288K) that ablates the DNA binding domain
(Borg et al., 2010). KLF1, a zinc finger erythroid specific transcription factor that plays a
major role in the activation and expression of the β-globin gene by binding the CACCC
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promoter element (Feng, Southwood, & Bieker, 1994). KLF1 is important for the
expression of the β-globin genes throughout development, but may not be essential to the
γ-globin to β-globin switch (Guy, Mei, Perkins, Orkin, & Wall, 1998). However, more
recently it has been demonstrated that KLF1 plays a role in the switch from γ- to β-globin
by activating BCL11A (Zhou, Liu, Sun, Pawlik, & Townes, 2010). Therefore, KLF1 is
an indirect repressor of γ-globin expression. Thus lower levels of KLF1 from missense
and nonsense mutations increased γ-globin expression.

Transcription Factors that Regulate γ-globin
Gene duplication is responsible for the two copies of the γ-globin genes, Gγ- and
γ-globin in the human genome. The coding region of each γ-globin gene are identical

A

except at amino acid residue 136 where a glycine is present in Gγ- globin and an alanine
in Aγ-globin (Schroeder et al., 1968). The promoter of each γ-globin gene contains a
TATA box, two CAAT boxes, and one CACCC box (G. Stamatoyannopoulos, et al.,
2001).

The transcriptional control of two γ-globin genes has been extensively studied.

Many transcription factors have previously been identified that contribute to γ-globin
regulation either through direct interaction with the γ-globin promoter or indirectly at
other regulatory regions. For example, KLF1 binds the promoter of BCL11A, a known
γ-globin repressor.

In addition, several transcription factors that mediate γ-globin

expression are under post-transcriptional regulation by miRNAs. Summarized below are
the major transcription factors involved in γ-globin gene regulation; an exhaustive review
is beyond the scope of the thesis project (Figure 3).
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GATA-1.

GATA-1 is required for erythroid differentiation and for the

developmentally-regulated expression of the β-like globin genes on the HBB-locus.
GATA-1 and NF-E2 are recruited to cis-regulatory elements within the LCR where they
establish a erythroid-specific chromatin confirmation for the HBB-locus (Goodwin,
McInerney, Glander, Pomerantz, & Lowrey, 2001; Pomerantz, Goodwin, Joyce, &
Lowrey, 1998; J. A. Stamatoyannopoulos, Goodwin, Joyce, & Lowrey, 1995). GATA-1
can act as a transcriptional activator or repressor depending on its binding partners The
distal CCAAT box at base -117 within the γ-globin promoter is occupied by GATA-1 and
NF-E3 to silence γ-globin expression (Gumucio et al., 1988; Mantovani et al., 1988). A
GATA-1-FOG-1-Mi2β complex orchestrates γ-globin silencing by occupying the GATA
motif at -566 within the Aγ-globin promoter in transgenic mice. Repression of γ-globin
expression is most likely achieved through the association of GATA1, BCL11A, FOG1,
and the NuRD complex in a repressor complex (Sankaran, et al., 2008).
TR2/TR4. Two hormone nuclear receptors, TR2 and TR4 are members of the
Direct Repeat Erythroid-definitive complex. TR2 and TR4 heterodimerize and bind to a
direct repeat element

within the ε- and γ-globin promoters (Tanabe et al., 2002).

Overexpression of TR2 and TR4 in erythroid cells led to repression of murine εγ-globin
expression (Tanabe, et al., 2002). Pull-down of protein complexes containing TR2/TR4
showed interaction with epigenetic repressors such as DNMT1, the NuRD complex,
LSD1/CoREST complex, and HDAC3 (Cui et al., 2011). However, the role of TR2/TR4
in γ-globin silencing was contradicted in sickle cell transgenic mice studies where
enforced expression of TR2/TR4 increased HbF and alleviated disease symptoms
(Campbell et al., 2011). Additional studies to determine the functional role of TR2/TR4
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in γ-globin expression should be conducted, due to the mutations in the direct repeat
element in humans cause a HPFH phenotype (Greek -117 Aγ-globin promoter) (Gelinas,
Endlich, Pfeiffer, Yagi, & Stamatoyannopoulos, 1985).
COUP-TFII. An orphan hormone nuclear receptor, COUP-TFII, like TR2/TR4
binds to direct sequence repeats in the CCAAT-box region upstream of γ-globin (Filipe et
al., 1999). Stem cell factor treatment of adult erythroid progenitor cells lowered COUPTFII levels through serine/threonine phosphatase (PP2A); MAPK signaling; inhibition of
COUP-TFII increased γ-globin expression (Aerbajinai, Zhu, Kumkhaek, Chin, &
Rodgers, 2009).

Experiments conducted with siRNA knockdown of COUP-TFII

increased γ-globin mRNA levels (Aerbajinai, et al., 2009).
CREB1 and ATF2. Drug mediated activation of CREB1 and ATF2 play a role in
γ-globin and HbF induction. Steady state activation of γ-globin requires p38 MAPK
signaling and CREB1 activation via binding to the Gγ-globin cAMP response element (GCRE) (Ramakrishnan & Pace, 2011). p38 MAPK mediated activation of ATF-2 and
CREB1 by phosphorylation after treatment with butyrate and trichostatin A (Sangerman
et al., 2006). Subsequently, ATF-2 and CREB1 bind the G-CRE at -1222 relative to the
γ-globin cap site to activate gene expression (Sangerman, et al., 2006). Additional

G

studies from the Pace group showed that c-Jun co-localizes with ATF-2 and CREB1 to
mediate γ-globin activation (Kodeboyina, Balamurugan, Liu, & Pace, 2010). Protein
purification studies of the complex containing ATF-2 validated that c-Jun, CREB1, and
other novel binding partners such as Brg1, hnRNPC1/C2, HDAC2, and members of the
SWI/SNF complex (Liu et al., 2013) might also be involved in γ-globin regulation.
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Association with Brg1 and SWI/SNF suggest chromatin remodeling factors play a role in
γ-globin activation (Liu, et al., 2013).
SSP/SP1. The stage selector protein (SSP) is necessary for the γ-globin promoter
to compete with the β-globin promoter for preferential interaction with the LCR during
fetal-stage development (Jane et al. 1992). During fetal development when the γ-globin
promoters are hypomethylated the SSP binds at the SSE, but SSP is replaced with SP1
once the γ-globin promoter becomes methylated (Jane, Gumucio, Ney, Cunningham, &
Nienhuis, 1993).

It is thought that SP1 contributes to the repression of γ-globin

expression (Sengupta, Lavelle, & DeSimone, 1994) .
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Figure 3. Transcription factors binding in the γ-globin gene promoter. Shown
are the DNA binding proteins that bind the γ-globin gene promoter. Grey shaded
factors are negative regulators
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Post-transcriptional Regulation of HbF

The control of γ-globin gene transcription has been extensively studied to
discover molecular targets for therapeutic HbF induction. In addition, to tight
transcriptional control of γ-globin gene expression, the translation of γ-globin mRNA is
modulated by additional post-transcriptional regulatory mechanisms. A HPFH phenotype
is found in some individuals with the Corfu δβ thalassemia deletion; transcription of γglobin is elevated in these individuals, but total HbF levels were not as high as one would
expect based on the level nascent γ-globin transcripts (Chakalova et al., 2005).
Individuals with SCD treated with arginine butyrate had rapid increases in HbF levels in
reticulocytes within 24 hours supporting, a mechanism of γ-globin regulation
independent of transcriptional activation, implicating translational mechanisms of control
(Weinberg et al., 2005). Experiments conducted in both cell lines and ex vivo erythroid
progenitors showed that Salubrinal promotes eukaryotic initiation factor 2α
phosphorylation to mediate HbF induction at the translational level (Hahn & Lowrey,
2013). Collectively these studies suggest that γ-globin expression is controlled at the
transcriptional and post-transcriptional levels. A limited number of research studies have
addressed the possible role of HbF regulation through post-transcriptional mechanisms.
This project seeks to delineate post-transcription mechanisms of miRNA mediated-HbF
induction, either by identify miRNAs that directly regulated γ-globin mRNA through the
3’UTR or by identifying miRNAs that indirectly regulate γ-globin by modulating the
expression of repressor proteins.
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miRNA mediated post-transcription regulation
miRNAs are a family of small noncoding RNAs that are approximately 22
nucleotides long that mediate gene expression post-transcriptionally.

miRNAs are

implicated in many biological processes such as cell proliferation, differentiation, control
of developmental timing, and metabolism. miRNA deregulation is associated with a
wide variety of disease states such as cancer, neurodegenerative disease, and
atherosclerosis. miRNAs are encoded by single genes with their own promoters or in
clusters under a single regulatory promoter throughout the genome (Ambros, 2004).
They are transcribed in a PolII dependent manner and are processed into mature miRNA
in two steps. The first step occurs in the nucleus where the primary miRNA hairpin loop
(pri-miRNA) is processed into a precursor miRNA (pre-miRNA) by a nuclear RNase III
enzyme called Drosha (Winter et al. 2009). After export into the cytoplasm by exportinV
the pre-miRNA is cleaved by DICER into a short double stranded RNA (dsRNA), which
is subsequently unwound and loaded into an argonaunte–containing complex called the
RNA induced silencing complex (RISC) (Winter et al. 2009). Over 85 % of miRNAs are
hypothesized to target mRNA transcriptions within the 3’UTR. The miRNA loaded
RISC complex docks onto a target mRNA based on base pairing between the 5’ end of
the miRNA seed region (base pairs 2 through 8) and a complementary sequence within
the target mRNA. In animals, the complementarity between a targets mRNA sequence
and the miRNA seed sequence is often imprecise. As a result miRNA mediated gene
regulation occurs predominately through protein translation repression (Ambros, 2004).
The unspecific base pairing between miRNA-mRNA interactions suggests that any given
miRNA is capable of binding and regulating a large number of genes; possibly hundreds
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of transcripts may be downregulated by a single miRNA. Imprecise base pairing of a
miRNA to its given target challenges the ability of computational approaches to identify
miRNA target sequences in mRNAs. However, several algorithms that predict miRNA
targets, such as TargetScan, Miranda, and Pictar are commonly used to identify potential
binding sites within mRNAs. Typically these algorithms integrate the location of the
miRNA binding site and the complementary elements within the 3’UTR, the seed
sequence of the miRNA, and the phylogenic conservation of complementary sequences in
the 3’UTR across species. Each algorithm varies in the weight, details, and statistical
methods employed in target identification.

miRNA specific to γ-globin gene regulation
Although γ-globin expression is under tight transcriptional control, it is also
modulated by post-transcriptional events. Azzouzi et al. conducted studies showing γglobin mRNA enriched within the miRNA induced silencing complex and demonstrated
that miR-96 directly targeted γ-globin mRNA within the open reading frame in a seed
independent fashion (Azzouzi et al., 2011). To date no other miRNAs that directly bind
to γ-globin have been identified, however, others that modulate γ-globin expression
through the repression of silencer proteins have been discovered. For example, MYB, a
negative regulator of HbF expression (Jiang, et al., 2006), is a direct target of miR-15a
and miR-16-1, which increased HbF when overexpressed in human erythroid progenitor
cells (Sankaran, et al., 2011). A correlation between the expression levels of miR-486-3p
and higher levels of HbF among a subset of β-thalassemia patients lead to the discovery
that miR-486-3p which directly regulates the extra-long isoform of BCL11A (Lulli, et al.,
2013). Furthermore, miR-23a and miR-27a target KLF3 and SP1 to repress γ-globin
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transcription (Ma et al., 2013).

Recent studies by Miller and colleagues showed

overexpression of LIN28B resulted in decreased let-7 expression which was associated
with an increase in HbF in primary erythroid cells (Y. T. Lee et al., 2013). Other
miRNAs have been associated with high HbF levels such as miR-210 which was upregulated in a patient with Thalassemia and HPFH (Bianchi, Zuccato, Lampronti,
Borgatti, & Gambari, 2009). A recent study showed after Hydroxyurea treatment of
primary erythroid cells, miR-15a, miR-16, miR-26b, and miR-151-3p were up-regulated,
and levels of BCL11A, MYB, and KLF1 were reduced (Pule, Mowla, Novitzky, &
Wonkam, 2016); miR-26b was later confirmed to directly target MYB in these studies
(Pule, et al., 2016). These studies expand our current understanding of the role that
miRNAs play in γ-globin gene regulation. The goal of this project was to identify
additional miRNAs that modulate HbF expression. Data presented in this thesis support a
role for miR-34a and miR-144 in γ-globin gene regulation.
miR-34a. The miR-34 family consists of miR-34a, miR-34b, and miR-34c, however,
the vast majority of research is focused on the tumor suppressor miR-34a (Li et al., 2009;
Shen et al., 2012). The ubiquitously expressed gene encoding miR-34a is located on
chromosome 1. miR-34a is transcriptionally activated by p53 (He et al., 2007) to induce
apoptosis, cell cycle arrest, and senescence (Cole et al., 2008). Validated targets of miR34a include Myc, CDK6, YY1, SIRT1, BCL2, CD44, and Notch-1 (Agostini & Knight,
2014). Exogenous delivery of miR-34a inhibits cancer growth in tumor bearing preclinical mouse models (Deng et al., 2014; Tivnan et al., 2012; Trang et al., 2011).
Previously miR-34a was found to inhibit cell proliferation of K562 cells independently of
p53 activity (Navarro et al., 2009) and to inhibit K562 cell proliferation by repressing
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MEK1 during megakaryocytic differentiation (Ichimura, Ruike, Terasawa, Shimizu, &
Tsujimoto, 2010). A miR-34a pulldown study conducted in K562 cells revealed that it is
heavily involved in growth factor signaling and potentially targets numerous transcription
factors (Lal et al., 2011). The transcription factor STAT3 was identified in the miR-34a
pulldown fraction (Lal, et al., 2011) implicating interaction with this negative regulator of
γ-globin gene expression (Foley et al., 2002).
All STAT proteins have a conserved structural organization, which consists of a
tetramerization domain, a leucine-zipper domain at the N-terminus, a DNA-binding
domain in the middle, and a Src homology 3 like domain at the C-terminus. A tyrosine
residue located near the C-terminus of every STAT protein is phosphorylated after
receptor activation (Heinrich, Behrmann, Muller-Newen, Schaper, & Graeve, 1998). A
highly conserved Src homology 2 domain is required for STAT proteins to bind tyrosinephosphorylated receptor motifs (Greenlund, Farrar, Viviano, & Schreiber, 1994; Heim,
Kerr, Stark, & Darnell, 1995) and to homo- and heterodimerize with other activated
STAT proteins (Shuai et al., 1994). The DNA-binding domain of STAT proteins is
located in the center of the molecule.

STAT proteins must be activated by

phosphorylation in order to dimerize, translocate into the nucleus and bind DNA (Shuai,
et al., 1994).

The consensus sequence binding site in DNA for STAT proteins is

TTCC(C/G)GGAA (Darnell, 1997).
STAT3 activation can occur in response to cytokines, growth factors, and other
stimuli. Receptor bound Interleukin-6 (IL-6) activates glycoprotein 130 dimerization and
IL-6 dependent Janus kinase

2 (JAK2) activation (Darnell, Kerr, & Stark, 1994;

Taniguchi, 1995). In turn JAK2 phosphorylates glycoprotein 130 and recruits STAT1
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and STAT3 to docking sites within glycoprotein 130. After activation STAT3 translocates into the nucleus where it binds DNA and regulates gene expression.
Megakaryocytic and erythroid progenitors share factors in common. Treatment with IL-6
drives megakaryocytic commitment and decreases globin gene expression in erythroid
progenitors derived from mononuclear cells isolated from peripheral blood (Ferry,
Baliga, Monteiro, & Pace, 1997). This study suggests a repressor role for IL-6 in globin
gene regulation. Our lab has further shown that STAT3 mediates a silencing role in γglobin expression (Foley, et al., 2002; Yao et al., 2009) through binding in the +9
position of the γ-globin 5’UTR. Subsequent studies from our lab demonstrated that
STAT3 and GATA-1 interact in the γ-globin 5’UTR and that GATA-1 disrupted STAT3mediated γ-globin gene silencing (Yao, et al., 2009).
miR-34a plays a role in STAT3 regulation. In a neuroblastoma cell system, STAT3
phosphorylation was down-regulated in response to enforced expression or miR-34a
(Tivnan et al., 2011). A feedback loop consisting of the IL-6R, its downstream target
STAT3 and miR-34a was discovered in colorectal cancer cells (Rokavec et al., 2014). In
this particular study, IL-6 treatment of colorectal cancer cells activated the STAT3
signaling pathway; subsequently phosphorylated STAT3 bound to a consensus sequence
with the miR-34a promoter and down-regulated miR-34a expression (Rokavec, et al.,
2014). miRNA mediates regulation of STAT3 protein levels, which may contribute to
the ability of STAT3 to modulate its role in γ-globin expression.
miR-144. The gene cluster for miR-144 and miR-451 is located on chromosome 17
and the locus is selectively expressed in erythroid progenitors (Rasmussen et al., 2010).
miR-144/451 knockout mice display an impairment of late erythroblast maturation,
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resulting in erythroid hyperplasia, splenomegaly, and mild anemia (Rasmussen, et al.,
2010). However, miR-451 is the major contributor to this phenotype demonstrated by
knockout of miR-451 in mice which exhibited a phenotype identical to miR-144/451
knockout mice (Rasmussen, et al., 2010). GATA-1 binds the distal promoter of the miR144/451 gene and drives erythroid specific expression of the two miRNAs (Dore et al.,
2008). While depletion of miR-451 in zebrafish embryos impairs the maturation of late
erythroid progenitors into mature circulating erythrocytes, depletion of miR-144 did not
cause abnormalities in erythropoiesis (Dore, et al., 2008). miR-451 has been implicated
in disrupting late erythroid maturation, however, the evidence supporting the role of miR144 in late erythropoiesis is unclear. miR-144 negatively regulates α-globin in zebrafish
by targeting KLFD, an erythroid-specific Kruppel-like transcription factor (Fu et al.,
2009). During miRNA expression profiling of individuals with SCD, miR-144 was
highly up-regulated in individuals with severe anemia and was shown to target nuclear
factor erythroid 2-related factor 2 (NRF2), which is implicated in γ-globin gene
regulation (Sangokoya, Telen, & Chi, 2010).
miR-144 targets NRF2, which is basic leucine zipper transcription factor that
regulates a group of anti-oxidant genes involved in the response to cellular oxidative
stress (Itoh et al., 1997). NRF2 is activated by electrophiles, phytochemicals, reactive
oxygen species, growth factors, drugs, and toxins (Hayes, Chowdhry, Dinkova-Kostova,
& Sutherland, 2015). Under normal physiological conditions, NRF2 is sequestered in the
cytoplasm by Kelch-like ECH-associated protein1 (Keap1) (Itoh et al., 1999);
electrophiles antagonize Keap1 causing the release of NRF2, translocation into the
nucleus and binding to antioxidant responsive elements (AREs) throughout the genome
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(Itoh, et al., 1999).

Rapid turnover of NRF2 is by proteasomal degradation by

ubiquitination mediated by the adaptor Keap1-Cul3 complex (Kobayashi et al., 2004).
NRF2 regulates the response to oxidative stress by activating the cyto-protective genes
including NQO1 (NAD(P): quinone oxidoreductase), HO-1 (heme oxygenase-1), SOD
(superoxide dismutase), and catalase (Alam et al., 1999; Chorley et al., 2012; Hayes et
al., 2000; Hirotsu et al., 2012; Malhotra et al., 2010). NQO1 catalyzes the breakdown of
quinones whereas GCLC catalyzes the rate-limiting step in the formation of glutathione.
SOD catalyzes the breakdown of superoxide (O2-) and catalase breaks down hydrogen
peroxide. HO-1 catalyzes the rate-limiting step in the breakdown of heme to biliverdin
and carbon monoxide, which causes vasodilation (Otterbein, Soares, Yamashita, & Bach,
2003; Shibahara, Muller, Taguchi, & Yoshida, 1985). HO-1 mitigates inflammation and
vaso-occlusion in SCD mouse models (Belcher et al., 2006).
NRF2 knockout mice display immune-mediated hemolytic anemia due to increased
sequestration of damaged erythrocytes and sensitivity to hydrogen peroxide induced
hemolysis (J. M. Lee, Chan, Kan, & Johnson, 2004) providing evidence for the important
role of NRF2 the RBC antioxidant response. Keap-1 ablation in a transgenic SCD mouse
model reduced free plasma heme levels, inflammation, and tissue damage (KelekuLukwete et al., 2015). Likewise, chemical Keap-1 inhibition using dimethyl fumarate to
activate NRF2 in Townes SCD mice decreased inflammation, adhesion molecule levels,
and the expression of toll-like receptor; after 24 weeks of dimethyl fumarate treatment
decreased hepatic necrosis, inflammatory cytokines, and irregularly shaped erythrocytes
(Belcher et al., 2016), and increased HbF was observed (Belcher, et al., 2016). It has
been established that NRF2 activators such as tert-butylhydroquinone and monomethyl
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fumarate, which is the active metabolite of dimethyl fumarate can induce HbF expression
in cell lines and primary erythroid progenitors (Macari & Lowrey, 2011; Promsote et al.,
2014). Activated NRF2 binds to the ARE in the proximal promoter of γ-globin between
the two CAAT boxes at position -100 (Macari & Lowrey, 2011). The ability of NRF2
activators to reduce the expression of several indicators of disease severity in a SCD
mouse model such free plasma heme and inflammation and induce HbF expression make
these compounds promising agents for the treatment of SCD.
NRF2 is subjected to miRNA mediated regulation. Recent genome-wide studies
demonstrated an association between severe anemia and high miR-144 expression in a
subset of individuals with SCD (Sangokoya, et al., 2010). miR-144 targets NRF2 mRNA
via binding site within the 3’UTR, and its overexpression reduced the ability of sickle
reticulocytes to response effectively to oxidative stress (Sangokoya, et al., 2010). These
findings suggest blocking miR-144-mediated degradation of NRF2 may be an alternative
approach for therapeutic intervention in SCD.

Additional studies are required to

determine the feasibility of this option considering the important role miR-144 plays in
erythroid differentiation and maturation
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III.

METHODS

1. Cell Line Culture
Human K562, KU812, and HEK293 cells were grown in Iscove’s
Modified Dulbecco’s media (IMDM) supplemented with 10% fetal bovine serum
(FBS), penicillin (100 U/mL), and streptomycin (0.1 mg/mL) at 37˚C in 5% CO2.
Suspension cells were passaged every 2 to 3 days as needed by pelleting the cells
at 1,000 rpm for five minutes at room temperature, and then re-suspended in fresh
complete media at a density between 5x105 to 1x106 cells/mL. HEK293 cells
were passaged as needed every 2 to 3 days then seeded into culture dishes at a
ratio of 1:5. Cell counts and viability were determined using 0.4% trypan blue
exclusion assay (Lonza, Walkersville, MD). For drug studies, K562 or KU812
cells were plated at a density of 5x105 cells/mL in complete IMDM.

Dose

response experiments were conducted in KU812 cells with hemin (25 – 75 μM).
For all drug studies cells were harvested 48 h. after drugs were added in culture,
and analyzed by RT-qPCR (real time-quantitative polymerase chain reaction) and
western blot analysis.
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2. Primary Cell Culture
Human primary erythroid progenitors were generated from adult CD34+
stem cells (StemCell Technologies, Canada) using a two-phase culture
system.

During phase I stem cells were grown in α-minimum essential

medium (αMEM) containing AB serum, IL-3 (10 ng/ml), stem cell factor (10
ng/ml), and erythropoietin (2I U/ml). Cells were transitioned to phase II
culture media on day 7 where they were change to αMEM, AB serum and
erythropoietin (2IU/ml) resulting in the generation of reticulocytes.

3. Patient Samples and microRNA microarray analysis
After Institutional Review Board approval, consent was obtained to draw
peripheral blood (5-10 mL) in EDTA tubes from children or adults followed
in the Sickle Cell Clinics at Augusta University. Phenotype data were
obtained from the medical record. Blood samples were processed by Ficoll
histapaque (Sigma-Alrich, St. Louis, MO) separation of plasma, peripheral
blood mononuclear, and red blood cells. The red cells were processed further
using the MACS column and the CD71+ beads (Miltenyi Biotec, Auburn, CA)
to isolate reticulocytes for total RNA extraction using Trizol per the
manufacturer’s instructions.
RNA quality was assessed using an Agilent 2100 Bioanalyzer, and
hybridized to the miRCURY LNA microRNA Array 7th Gen (Exiqon). Raw
data was collected using the Agilent G2565BA Microarray Scanner System
and the image analysis carried out using ImaGENE 9. The raw data obtained
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from the array had background subtracted and quantile normalization using a
model-based background correction algorithm. Two major groups (high HbF
and low HbF) were characterized using principal component analysis software
(NIA Array Analysis Tool); miRNAs were considered differentially expressed
significantly at p˂0.05.

4. HEK293 Cell Transient
The luciferase reporter plasmids purchased from Origene (Rockville, MD)
carry a firefly Luciferase gene upstream of the 3’UTR of either HBG1
(pMirTarget-HBG1) or HBG2 (pMirTarget-HBG2). HEK293 cells were
seeded in 6-well plates at a density of 2.0x105 cells per well in complete media
24 h. prior to transfection. After 24 h., the complete medium was removed,
cells were rinsed with warm phosphate buffered saline, and 1mL of OptiMEM (Invitrogen, Carlsbad CA) was added to each well. For each
transfection, 0.5 µg of either pMirTarget-HBG1 or pMirTarget-HBG2 was
combined with 100nM or 200nM of mature miRNA mimics including miR374-3p, miR-4327, miR-922, miR-362-5p, miR-500b, miR-34a, or scrambled
control using DharmaFECT DUO reagent (Dharmacon, Lafayette, CO)
according to the manufacturer’s protocol. Briefly, plasmid and miRNA
mimics were combined with Opti-MEM in a tube labeled #1 while
DharmaFECT Duo was combined with Opti-MEM in a separate tube labeled
#2. After 5 mins, tube #2 was added to tube #1 and gently mixed. After
incubating the transfection reaction for 30 min at room temperature it was
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added to HEK293 cell wells in a dropwise manner. After 4-6 h. of incubation
at 37°C, transfection media was aspirated and replace with complete IMDM.
Each experimental condition was performed in triplicate, and cells were
harvested after 48 h. for total protein for luciferase assay, and whole cells for
flow cytometry. The plasmids constitutively express red fluorescent protein
(RFP), which was used to determine transfection efficiency by flow cytometry
on an LSRII machine (BD Biosciences, San Jose, CA) on the phycoerythrin
(PE) channel with a wavelength of 565 nm. The data was captured using
FACs Diva Software (BD Biosciences) and the percentage of cells positive for
RFP were determined by FlowJo Version 10.7x (Ashland, OR). All data was
normalized to total % of RFP positive cells.

5. Luciferase Assay
Luciferase assays were conducted using the ONE-GLOTM Luciferase
Assay System (Promega, Madison, WI) according to the manufacturer’s
protocol. Briefly, transfected HEK293 cells were washed with phosphate
buffered saline and lysed in 200 μL of Passive Lysis Buffer with rocking for
15 min at room temperature. Samples were centrifuged for 10 min at 10,000
rpm at 4°C, and supernatants were transferred to new 1.5 mL tubes. Protein
lysates (20 μL) were combined with 50 μL of Luciferase Assay Reagent II
(LARII) and firefly activity was measured immediately on a TD-20/20
Luminometer (Turner Designs, Sunnyvale, CA); luciferase activity was
normalized to RFP expression.
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6. Transient Transfection of miRNA mimics or miRNA inhibitors
into K562 and KU812 cell lines
For transient transfection of miRNA mimics or miRNA inhibitors,
100, 200, or 300 nM of each or the proper negative control (Dharmacon) was
combined with the lipid reagent DharmaFECT 1 and incubated at room
temperature for 20 min. The mimic/reagent mixture was added to 2.0x105
K562 or KU812 cells that were suspended in a total 100 μL of complete
IMDM without penicillin or streptomycin. Cells were incubated for 4 h. and
then 300 μL of complete IMDM was added. After 48 h. cells were harvested
for RNA and/or protein analysis.
KU812 cells were transfected with 300 nM of mature human miR-1443p (miR-144) mimic (Dharmacon) as described above. Twenty-four h. after
transfections cells were treated with 50 μM of Hemin for 48 h., then RNA and
protein were isolated for RT-qPCT and western blot analysis.

7. Transient Transfection of miR-144 mimic and miR-144 inhibitor
into Primary Erythroid Cultures
Transient transfection of miR-144 and scrambled control mimic
(Dharmacon, Lafayette, CO) was achieved by nucleofection using the
Amaxa® Human CD34+ Cell Nucleofector® Kit according the manufacturer’s
protocol.

Transfections were conducted on day 8 of culture.

For each

experimental group 200 nM or 300 nM of miR-144 mimic, miR-144 inhibitor
(anti-miR-144), or miR-144 mimic in combination with anti-miR-144, and
appropriate controls were added to 5 million cells suspended in 100 μL of
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CD34+ nucleofector solution. Cells were electroporated in the proper cuvette
using the U-08 setting. Each electroporation was then split into three wells.
On day 11 of culture, cells were collected for analysis by RT-qPCR and
western blot, and a portion was used for flow cytometric detection of HbF.

8. Flow Cytometry
Cells were collected and washed in cold phosphate buffered saline
supplemented with 0.05% BSA; they were fixed for 40 min with 4% paraformaldehyde at 37°C. Cells were permeabilized by a solution of ice-cold
acetone/methanol (4:1) for 1 min followed by suspension in phosphate buffed
saline containing 1% BSA, and 0.1% of triton x-100; then 2 μL of FITC
conjugated human HbF antibody was added to each sample and incubated for
20 mins at room temperature. The samples were rinsed and then were ran on
a LSRII flow cytometer on the FITC channel; data was captured using FACS
Diva Software and the percentage of cells positive for HbF (F cells) was
ascertained by analyzing data using FlowJo Version 10.7x.

9. K562 Stable Lines
miR-34a stable pools were established by transducing K562 cells at a
multiplicity of infection of 20 with SMARTchoiceTM shMIMIC miR-34a and
shRNA scrambled (Dharmacon) lentivirus viral particles. To select for stable
expression, puromycin (1.2 µg/mL) was added to the cultures 48 h. post
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transduction and maintained in culture up to 16 days. On day 9 and day 16
protein and total RNA was harvested for RT-qPCR and western blot analysis.
Subsequently, we established single cell clones by serial dilution of miR-34a
K562 pools in 96-well plates. The different functional studies were conducted
after approximately one month in culture.

10. Reverse transcription-Quantitative PCR (RT-qPCR)
Total RNA was extracted from cells using Trizol (Ambion, Carlsbad, CA)
and analyzed by RT-qPCR as previously published in our laboratory (Sangerman,
et al., 2006).

Briefly, cDNA was generated using the Improm-IITM Reverse

Transcription System (Promega, Madison, WI) with oligo (dT)15 primers; qPCR
was performed in a CFX Connect Real-Time System and SSO AdvancedTM
Universal SYBR Green Super Mix (Bio-Rad, Hercules, CA) with gene specific
primers. Expression levels of γ-globin and glyceraldehyde-3-phosphate (GAPDH)
were quantitated using standard curves generated with ∆Topo7 base plasmids
carrying γ-globin (Topo7-γ-globin), or GAPDH (Topo7-GAPDH), and γ-globin
mRNA was normalized to GAPDH (γ-globin/GAPDH). Levels of CD71,
CD235a, erythropoietin receptor, GATA1, GATA2, and KLF1 mRNA were
measured using the RT2-qPCR Primer Assay system (Qiagen, Valencia, CA) and
standard curves generated using genomic DNA (0.5 to 500 ng).
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11. miRNA Quantification
To quantify mature miRNA expression the miScript II RT and SYBR®
Green PCR kit was used (Qiagen) per the manufacturer’s instructions. To
generate miRNA cDNA, 500 ng of total RNA, HiSpec Buffer, Nucleics Mix, and
miScript reverse transcriptase mix were incubated at 37ºC for 60 min. qPCR
analysis was conducted with diluted cDNA template, universal primer, and
miRNA specific primer per reaction. Data was quantified using the 2-∆∆Ct method
(Jopling, Yi, Lancaster, Lemon, & Sarnow, 2005).

12. Western Blot
Total protein was isolated using RIPA buffer (ThermoScientific,
Rockford, IL) supplemented with proteinase, phosphatase inhibitor cocktails, and
1 mM PMSF. For nuclear protein extracts, cell pellets were suspended in Buffer
A (10 mM HEPES pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM
DTT, 0.5 mM PMSF, 0.05% NP-40) for 30 min.; subsequently the nuclear pellet
was mixed with Buffer B (20 mM HEPES, pH 7.9, 420 mM NaCl, 1.5 mM
MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, 25% glycerol) for 30 min.
and nuclear proteins were isolated. Protein concentrations were determined using
a Bradford or BCA protein assay kit (Bio-Rad).

For western blot analysis

between 20-40 µg of total or nuclear protein was loaded on a 12% acrylamide gel,
transferred to a PVDF membrane, and then blocked in 5% non-fat milk dissolved
in tris buffered saline containing 0.1% tween at room temperature for 1 h.
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Primary antibodies including HbF (sc-21756), HDAC1 (sc-8410), phosphoSTAT3 (sc-8059) and total-STAT3 (sc-483) purchased from Santa Cruz (Santa
Cruz, CA) and YY-1 (ab109228) or NRF2 (ab62352) purchased from Abcam
(Cambridge, MA), were diluted in the range of 1:250 to 1:2000, incubated
overnight and then followed by treatment with 1:2000-1:5000 dilution of
secondary antibody. The immunoblots were developed using either SuperSignal®
West Pico Chemiluminescent Substrate or SuperSignal® West Femto
Chemiluminescent Substrate (ThermoScientific) on a Fujifilm LAS-3000 gel
imager (Stamford, CT). Blots were processed with RestoreTM Plus Western blot
Stripping Buffer and probed with 1:1000 dilution of the tubulin antibody (sc53646; Santa Cruz) or TATA binding protein (sc-204, Santa Cruz) as internal
controls. The band intensity of different proteins was quantitated by densitometry
with MultiGauge Software (Fujifilm) and was normalized to the band intensity of
the internal controls.

13. Statistical Analysis
The data are reported as the mean ± standard error of the mean (SEM) of
3-6 replicates of independent experiments performed in triplicate. For miR-34a
stable expression studies each clone was analyzed individually, and then
combined for comparison of average levels. All data were analyzed by a twotailed student’s t-test and p<0.05 was considered statistically significant.
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IV.

RESULTS

Aim 1: Identification of miRNA(s) which contribute to γ-globin
regulation using computational in silico analysis
1. The Gγ-globin and Aγ-globin 3’UTR contain novel single
nucleotide polymorphisms.
In humans, the γ-globin genes are encoded by the duplicated Aγ-globin
(HBG1, NM_000559) and Gγ-globin (HBG2, NM_000184) genes that are
identical in their coding sequences except at amino acid 136, where HBG1
encodes alanine and HBG2 encodes glycine (G. Stamatoyannopoulos, et al.,
2001). To determine whether there are differences between the 3’UTR a ClustalW
alignment was created using the validated reference sequences of HBG1 and
HBG2 starting after the stop codon. The Gγ-globin (86 bps) and Aγ-globin (87
bps) 3’UTR are different in length by one nucleotide (Figure 4A). The
polyadenylation sequence (position 61) of both γ-globin genes is identical except
at position 78 (Figure 4A). We next searched for SNPs in either 3’UTR using
UTRdb, a database comprised of annotated 5’UTRs and 3’UTRs (Grillo et al.,
2010).
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The Aγ-globin gene 3’UTR has three SNPs at positions 5, 17 and 55, numbered
according to the first nucleotide after the stop codon (Figure 4B). Single base
mismatches in the target mRNA seed sequence are capable of altering the binding
dynamics between miRNA and its target mRNA (Brennecke, Stark, Russell, & Cohen,
2005). We speculated that these mutations may alter the affinity of miRNA-mRNA
interactions in the 3’UTR of the γ-globin genes and designed experiments using genespecific luciferase reporters and miRNA mimics.
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SNPs in Aγ-Globin 3'UTR
rs1065686
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-/A/T mixed

rs11546324
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rs3841756
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Figure 4. Comparison of the nucleotide sequence of the Gγ-globin and Aγ-globin
3’UTRs. A. Shown is a multiple sequence alignment of the nucleic acids present in
the 3’UTR of Gγ-globin and Aγ-globin. The alignment was created using the
ClustalW program. The grey shaded nucleotides are representative of each single
nucleotide polymorphism found in the 3’UTR of Aγ-globin as reported from the
UTRdb database. B. Summarized are the identity, position, and type of single
nucleotide polymorphisms (SNPs) in the Aγ-globin 3’UTR.
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2. Identification of miRNAs predicted to target the 3’UTR of the γglobin mRNAs
The goal of the in silico analysis was to identify novel miRNA molecules
that post-transcriptionally regulate either the Gγ- and/or Aγ-globin gene directly
through interacting within the 3’UTR. Two open source software programs,
Miranda (Betel, Koppal, Agius, Sander, & Leslie, 2010) and TargetScan
(Friedman, Farh, Burge, & Bartel, 2009; Garcia et al., 2011; Lewis, Burge, &
Bartel) were used to generate a list of miRNAs predicted to target the 3’UTR of
the Aγ-globin and Gγ-globin mRNAs. Both algorithms integrate experimentally
confirmed properties of miRNA-mRNA interactions through the seed sequence of
the miRNA and target site sequence in the 3’UTR of the mRNA.
Thermodynamic free-energy between the miRNA-mRNA complex

and

comparative sequence analysis to predict miRNA targets across multiple species
were used to achieve prediction scores. Of the potential lead miRNAs (Table 1),
the majority were predicted to bind both γ-globin genes, because the 3’UTRs are
97% homologous (Figure 4A), however, miR-922 and miR-4291 were predicted
to target only Aγ-globin and miR-374-3p only Gγ-globin. Table 1 summarizes
the scores obtained from Miranda as miSVR and TargetScan as context scores.
We tested the top 10 miRNAs with highly negative Miranda and TargetScan
scores, which is indicative of a favorable miRNA-mRNA interaction. To gain
further evidence of the functional relevance of miRNA that contribute to
hemoglobin synthesis or erythropoiesis, we searched the literature for evidence of
miRNAs involvement in these processes (Chen, Wang, Telen, & Chi, 2008;
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Choong, Yang, & McNiece, 2007; Ichimura, et al., 2010; Kosaka et al., 2008;
Zhan, Miller, Papayannopoulou, Stamatoyannopoulos, & Song, 2007).
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3. miR-34a mediated increased luciferase activity in the Aγ-globin
reporter plasmid
To identify novel miRNA that regulate γ-globin, the lead miRNAs predicted to
bind the Gγ-globin and/or Aγ-globin 3’UTR were tested using the pMirTarget-HBG1 and
pMirTarget-HBG2 luciferase reporter plasmids (Figure 5A). Luciferase activity was not
changed significantly after transfection of miR-922 and miR-500b mimics at 100 nM and
200 nM concentrations using the Aγ-globin reporter construct (Figure 5A). Likewise,
luciferase activity was not significantly changed in response to transfection of miR-3743p (0.96 fold decrease) and miR-500b (0.936 fold decrease) mimics with the Gγ-globin
reporter construct (Figure 2B). Additional miRNA mimics including miR-4327, miR4291, and miR-362-5p were tested with no significant changes in luciferase activity for
either the Gγ- or Aγ-globin reporter constructs (summarized in Table 2). Transfection of
miR-34a increased luciferase activity in the Aγ-globin reporter at the 100 nM (1.4-fold)
and 200 nM (1.7-fold) concentrations compared to scrambled mimic controls (Figure 6A)
however the increase did not reach statistical significance, by contrast, the Gγ-globin
reporter was not activated by miR-34a (Figure 5B and Figure 6B). These results suggest
miR-34a may regulate Aγ-globin through an indirect mechanism by silencing a repressor
protein rather than direct interaction in the 3’UTR to mediate γ-globin silencing as
predicted by the in silico analysis.
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Figure 5. Lead miRNAs tested in γ-globin 3’UTR luciferase systems. A. Shown
is a schematic of pMirTarget-HBG construct, which contains a firefly luciferase gene
upstream of either the 3’UTR sequence of HBG2 (Gγ-globin) or HBG1 (Aγ-globin).
B. HEK293 cells were co-transfected with pMirTarget-HBG1 and either 100 nM or
200 nM of scrambled control, miR-922, or miR-500b mimic. C. HEK293 cells were
co-transfected with pMirTarget-HBG2 and either 100 nM or 200 nM of scrambled
control, miR-374-3p, or miR-500b mimic. The ratio of luciferase activity to the
percentage of total red fluorescent protein (RFP) was calculated and plotted on the yaxis. Data was calculated with respect to negative control mimic and reported as the
fold change of the mean ± standard error of the mean (SEM).
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Figure 6. miR-34a alters Aγ-globin luciferase activity. A. HEK293 cells were cotransfected with the pMirTarget-HBG1 at either 100 nM or 200 nM of negative
control or miR-34a mimic B. HEK293 cells were co-transfected with the pMirTargetHBG2 at either 100 nM or 200 nM of negative control or miR-34a mimic as
described in Panel A. The level of luciferase activity was normalized by the
percentage of RFP positive cells The data were calculated with respect to scrambled
control mimic and reported as the fold change of the mean ± standard error of the
mean (SEM). Data were pooled from 3 independent experiments (n = 3). Statistical
analysis was performed using student’s t-test comparing the miR-34a treatment group
to the negative control mimic group for each concentration.
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4. Transient overexpression of miR-34a in K562 cells activates HbF
expression.
To test whether miR-34a regulates endogenous γ-globin, K562 cells were
transfected with 100 and 200 nM of miR-34a mimic. The expression levels of γglobin mRNA at the 100 nM concentration showed a 1.6 fold increase in γ-globin
mRNA expression, which was not observed at the 200 nM concentration (Figure
7A). We quantitated the level of miR-34a overexpression in a single experiment
at the 100 nM concentration. We observed a 600,000-fold higher miR-34a level
than negative control mimic (Figure 7B). Western blots analysis demonstrated
HbF induction was achieved in some replicates (Figure. 7C and 7D). This data
was suggestive that miR-34a modulates γ-globin expression in transient
transfection studies however; stable long-term expression was needed to more
clearly define the role of miR-34a in γ-globin regulation in K562 cells.
In order to determine whether miR-34a inhibition causes a change in
expression of endogenous γ-globin mRNA, K562 cells were transfected with 100
nM, 200 nM, and 300 nM of miR-34a inhibitor. No change was detected in γglobin mRNA levels in response to any of the miR-34a inhibitor concentrations
(Figure. 8A). It is known that K562 cell line does not express high levels of p53
(Lal, et al., 2011), which is responsible for the activation of miR-34a, therefore,
miR-34a expression in K562 cells is very low. However, we were able to detect a
decrease in miR-34a expression (Figure. 8B).
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Figure 7. miR-34a transient overexpression increases γ-globin in K562. K562
cells were transfected with mature miR-34a mimic or a scrambled control miRNA at
concentrations of 100 and 200 nM. After 48 h. cells were harvested for analysis. A.
RT-qPCR of γ-globin expression was normalized to GAPDH. Data was pooled from
two independent experiments (n = 2). B. RT-qPCR of mature miR-34a expression
levels normalized to RNU6. qPCR data was normalized to scrambled control, which
was set to one and reported as fold change ± standard error of the mean (SEM). C.
Western blot analysis of HbF expression. Tubulin was used as the loading control. D.
Densitometry data from western blot data shown with respect to scrambled control,
which was set to one and reported as the fold change ± standard error of the mean
(SEM).
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Figure 8. Transient inhibition of miR-34a does not alter γ-globin in K562.
K562 cells were transfected with miR-34a inhibitor or a scrambled control at
concentrations of 100, 200, or 300 nM. After 48 h. cells were harvested for
analysis. A. RT-qPCR of γ-globin expression normalized to GAPDH. B. RTqPCR of mature miR-34a expression levels normalized to RNU6. qPCR data was
normalized to negative control, which was set to one and reported as fold change ±
standard error of the mean (SEM).
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5. Stable overexpression of miR-34a increases HbF expression.
To further investigate whether miR-34a plays a role in endogenous γglobin gene regulation, we stably expressed shMIMIC miR-34a viral particles in
K562 cells using a puromycin selectable marker to establish three independent
stable pools. To demonstrate stable overexpression, miR-34a was quantitated at
day 9 and day 16; we observed >800-fold increase of miR-34a levels compared to
scramble control pools (Figure. 9A). We next analyzed the effects of miR34a on
γ-globin expression at the mRNA and HbF levels by RT-qPCR and western blot
respectively. On day 9, there was no difference in γ-globin mRNA in miR-34a
pools compared to scrambled control, however, γ-globin mRNA was increased
2.0-fold by day 16 (Figure 9B). HbF protein levels were increased 2.0-fold at both
time points in response to stable overexpression of miR-34a (Figure 9C and 9D).
Under basal conditions miR-34a mRNA is undetectable in wild-type K562
cells (Lal, et al., 2011), therefore, we established single cell clones to determine
the ability of miR-34a to induce HbF when expressed at lower levels to avoid off
target effects. After creating miR-34a pools, a single cell was distributed per well
in a 96-well plate. Six independent clones overexpressing miR-34a or scrambled
control were established. The levels of γ-globin mRNA were increased 2 to 6-fold
(average 2.8-fold) in the six miR-34a clones compared to scrambled clones
(Figure 10A and 10B). The level of miR-34a ranged between 1.2-3000 fold
increase for the different miR-34a clones, which was expected since each clone
originated from a single transduced cell, therefore we observed an average 171fold increase in miR-34a for the stable clones (Figure 10C). HbF levels were
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increased from 27 to 53-fold in the miR-34a individual clones compared to
scrambled controls (Figure 11A and 11B) with an average 13-fold HbF induction
(Figure 11C). Two scrambled clones (2 and 3) exhibited a nonspecific increase in
HbF expression (Figure 11A), therefore, these clones were excluded from
subsequent studies to define mechanisms of γ-globin gene regulation by miR-34a.
Lastly we tested whether treatment with exogenous miR-34a inhibitor
(300nM) would have an effect; however no change in γ-globin mRNA expression
was detected in miR-34a clones 1, 2, 4, and 6. A downward trend was observed in
γ-globin mRNA expression in miR-34a clones 3 and 5 (Figure 12A). HbF protein
levels were analyzed by western blot in miR-34a clones 2, 4, and 5, but no
differences were observed in HbF protein (Figure 12B).
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Figure 9. miR-34a overexpression mediates HbF induction in K562 stable
TM
pools. K562 cells were transduced with the SMARTchoice shMIMIC miR-34a or
scrambled control, and grown under puromycin selection. Cell harvest was
performed on Day 9 and 16 of culture. A. RT-qPCR was performed to measure
mature miR-34a expression levels normalized to RNU6 expression. B. RT-qPCR
data of the expression level of γ-globin normalized to GAPDH. C. Western blot
analysis of the HbF expression in K562 cells that stably overexpress miR-34a.
Tubulin was used as the loading control. Western blots are representative of 4
independent experiments with the exception of day 9 which is a single experiment.
D. Shown in the graph are data obtained by densitometry scan of western blot gels
from 4 independent experiments. Data for qPCR and western blot densitometry were
normalized to scramble control, which was set to one and reported as fold change ±
standard error of the mean (SEM). Statistical analysis was performed using
student’s t-test between the miR-34a and scrambled group with p˂0.05 consider
significant.
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Figure 10. γ-globin mRNA expression increased in individual clones. K562 cells
were transduced with the shMIMIC miR-34a or scrambled viral particles; after
puromycin selection the cells were subjected to serial dilutions to establish singe cell
clones and analysis was conducted after a month in culture. Each data point represents
the analysis at a single time in culture. Characterization of clonal cell lines was
performed independently twice. A. RT-qPCR of γ-globin expression divided by the
expression of GAPDH. B. Shown in the graph is the average expression level of γglobin expression of the 6 independent miR-34a clones compared to the average
expression level of γ-globin of the 6 independent scrambled cell lines. C. Mature
miR-34a expression levels were measured by RT-qPCR. The ratio of miR-34a to
RNU6 was plotted on the y-axis D. Shown in the graph is the average expression
level of mature miR-34a expression of the 6 independent miR-34a clones compared to
the average expression level of mature mi-34a of the 6 independent scrambled cell
lines.
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Figure 11. γ-globin protein expression increased in individual clones. K562
cells were transduced with the shMIMIC miR-34a or scrambled viral particles; after
puromycin selection the cells were subjected to serial dilutions to establish singe cell
clones. Analysis was conducted after a month in culture. Each data point represents
the analysis at a single time in culture. Characterization of clonal cell lines was
performed independently twice. A. Western blot analysis of the HbF expression in
scrambled cell lines (top set of panels) and miR-34a cell lines (bottom set of panels).
B. Shown in the graph are data obtained by densitometry scan of western blot gels.
Data reported with respect to untreated K562 cells which was set to once and
reported as the fold change. Each data point represents the expression level of HbF
at one point after culture. Each graph is representative of 2 independent
characterization of γ-globin expression level. C. Shown in the graph is the average
densitometry readings from the 6 independent miR-34a clones compared to that of
the 6 independent scrambled cell lines. Plotted on the y-axis is the ratio of HbF to
Tubulin.
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Figure 12. miR-34a inhibition in miR-34a clones does not repress γ-globin.
K562 miR-34a or scrambled clones were transfected miR-34a mimic inhibitor or a
scrambled control miRNA at concentration 300 nM. After 48 h. cells were
harvested for analysis. A. RT-qPCR of γ-globin expression normalized to
GAPDH. qPCR data was normalized to negative control which was set to one and
reported as fold change ± standard error of the mean (SEM). C. Western blot
analysis of the HbF expression. Tubulin was used as a loading control
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6. Stable overexpression of miR-34a promotes erythroid differentiation.
Since miR-34a has been linked to phorbol-ester induced megakaryocytic
differentiation in K562 cells (Navarro, et al., 2009), we next determined the
effects of miR-34a in erythroid differentiation. Several proteins known to be
altered during erythroid maturation including GATA1, GATA2, KLF1, CD71,
CD235a, and the erythropoietin receptor were analyzed in miR-34a clones (1, 3,
and 6) and scrambled clones (1, 4, and 5) clones. GATA1 and KLF1 gene
expression increased 1.4-fold and 2.4-fold respectively in miR-34a clones (Figure
13A). Cell surface markers of erythroid differentiation including CD235a
(glycophorin A) and the erythropoietin receptor increased 10-fold and 2.4-fold
respectively in miR-34a clones (Figure 13B); by contrast CD71 (transferrin
receptor) was not changed significantly suggesting miR-34a promotes erythroid
differentiation while inducing HbF expression.
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Figure 13. miR-34a overexpression promotes erythroid differentiation. K562
TM
cells were transduced with the SMARTchoice shMIMIC miR-34a or scrambled
viral particles, grown under puromycin selection. After serial dilutions clones were
selected. Samples were harvested after clones were maintained as cell lines. A.
Shown in the graph is data obtained by RT-qPCR using gene specific primers for
GATA1, GATA2, and KLF1. B. Shown in the graph is data obtained by RT-qPCR
using gene specific primers for CD71, CD235a, and EPOR. Each data point for
scrambled cell lines is the average of the cell lines S1, S4, and S5; each data point for
miR-34a cell lines is the average of cell lines A1, A5, and A6. The data reported for
each gene is normalized to GAPDH expression. The data is reported with respect to
scrambled control, which was set to one and reported as the fold change of the mean ±
SEM. Statistical analysis was performed using student’s t-test between the miR-34a
and scrambled group with p ˂ 0.05 consider statistically significant.
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7. miR34a overexpression silences STAT3 gene expression.

A large number of genes are targeted by miR-34a including the known γglobin repressors MYB, YY1, HDAC1 and STAT3 (Borg, et al., 2010; Gallienne,
Dreau, Schuh, Old, & Henderson, 2012; Ichimura, et al., 2010; Rokavec, et al.,
2014; Tivnan, et al., 2011; Trang, et al., 2011; Yi, et al., 2006; Zhao, Lammers,
Torrance, & Bader, 2013). Therefore, we performed studies to determine whether
miR-34a indirectly regulates γ-globin expression through one of these negative
regulators. Western blot analysis was performed with nuclear extract or total
protein isolated from K562 clones to determine YY1, HDAC1, and STAT3 levels.
There were no differences in YY1 and HDAC1 protein levels in the three miR34a clones compared to scrambled clones (Figure 14A); however, total and
phosphorylated STAT3 levels were significantly reduced in the miR-34a clones
(Figure 14B). These data support a possible indirect mechanism of γ-globin
regulation by miR-34a through STAT3 gene silencing.
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Figure 14. miR-34a overexpression is associated with STAT3 gene silencing
K562 cells were transduced with the shMIMIC miR-34a or scrambled particles,
grown under puromycin selection, and after serial dilutions clones were selected.
Samples were harvested after clones were maintained as cell lines. A. Western blot
analysis of the protein expression of YY1 and HDAC1. Nuclear extractions were
prepared and after protein quantification, 20-40 µg of protein was loaded per well.
Each data point represents the expression level of YY1 and HDAC1 at one point after
culture from scrambled cell lines 1, 4, and 5 and miR-34a clonal cell lines 2, 4, and 5.
B. Western blot analysis of phosphorylated and total STAT3 levels. After protein
quantification, 60 µg of protein was loaded per well and actin was used as the loading
control. Each data point represents the expression level of p-STAT3 and t-STAT3 at
one point after culture for scrambled cell lines 1, 4, and 5; and miR-34a clone 1, 5,
and 6.
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Aim 2: Identification of miRNA(s) which contribute to γ-globin
regulation using miRNA gene expression profilings from individuals
expressing low versus high levels of HbF.
1. Differential miRNA gene expression between low HbF group
versus high HbF group.
To gain further insights into the role of miRNA in HbF regulation, blood
was collected from individuals diagnosed with sickle cell anemia (HbSS) who
expressed low or high HbF levels. After obtaining informed consent, phenotype
data including HbF and complete blood counts were obtained from medical
records (Table 3). The six individuals in the high HbF group had an average HbF
of 23.4% and the six individuals in the low group had an average HbF of 3.3%
(Figure 15A). Of note, individuals with low HbF had lower total hemoglobin
levels and higher reticulocyte counts than those in the high HbF group (Table 3).
To conduct genome-wide miRNA analysis total RNA was isolated from CD71+
red blood cells (reticulocytes) and used to characterize miRNA genes
differentially expressed between the comparison groups.
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miRNAs that were up-regulated >2-fold in the low HbF group compared to the
high HbF group (Table 4) and 44 miRNAs down-regulated >2-fold in the low
HbF compared to the high HbF group (Figure 15B and 15C). A list of the top
differentially expressed miRNA gens is summarized in Table 5.
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Figure 15. miRNAs are differentially expressed between individuals with high
and low HbF phenotype. Shown is the expression profiling of reticulocyte
miRNAs in patients with high and low HbF using microarray. A. Average % of
HbF in the two patient subsets of high and low HbF phenotypes. B. Heat map
representation of differentially expressed miRNAs between high and low HbF.
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2. miR-144 represses γ-globin and NRF2 mRNA expression in
primary erythroid progenitors
As shown in Table 5, the top two differentially up-regulated miRNAs in
the low HbF group were miR-144-5p (7.96 fold increase) and miR-144-3p (7.79
fold increase), which originate from the same gene transcript (Dore, et al., 2008).
In a previous study that evaluated miRNA expression profiling in SCD, miR-1443p (miR-144) was linked to severe anemia, but its correlation with HbF
expression was not investigated (Sangokoya, et al., 2010). Sangokoya et al.
identified NRF2 as a direct target of miR-144, and implicated miR-144 as a
negative factor in the anti-oxidative response in SCD. Therefore, we investigated
the effects of miR-144 on NRF2 expression and the effects on γ-globin gene
regulation.
To address this question we conducted studies in erythroid progenitors
generated from adult CD34+ stem cells in a two phase liquid culture system. On
day 8 of culture, erythroid progenitors were transiently transfected with 200 nM
and 300 nM of miR-144 mimic which decreased NRF2 mRNA by 40% and 50%
respectively (Figure 16A). By contrast, treatment with miR-144 inhibitor (anti144) increased NRF2 mRNA levels 1.5-fold at both concentrations (Figure 16A);
combining miR-144 mimic and anti-miR-144 treatment blocked the ability of
miR-144 mimic to down-regulateNRF2 expression at the 300 nM concentration
(Figure 16A). Similar studies showed γ-globin expression was silenced 30% and
40% by treatment with 200 nM and 300 nM miR-144 mimic respectively (Figure
16B). When miR-144 mimic was combined with anti-144, γ-globin expression
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was increased 1.3-fold at the 300 nM concentration, indicating anti-144 blocked
the down-regulation of γ-globin by miR-144 (Figure 16B).
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Figure 16. miR-144 transient overexpression decreases NRF2 and γ-globin
mRNA levels in primary erythroid progenitors. Primary erythroid cultures were
transfected with scrambled control, mature miR-144 mimic, miR-144 inhibitor (anit144), or a combination of miR-144 mimic and anti-144 at concentrations of 200 and
300 nM on day 8 of culture. After 48 h., on day 11 of culture, cells were harvested for
analysis. A. RT-qPCR of NRF2 expression normalized to GAPDH. B. RT-qPCR of
γ-globin mRNA expression levels normalized to GAPDH. Data was normalized to
scrambled control, which was set to one and reported as fold change ± standard error
of the mean (SEM) and p˂0.05 was considered significant.
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3. miR-144 decreases the percentage of F-cells present in primary
erythroid progenitors.
Next we examined whether treatment with miR-144 mimic would impact
the number of erythroid progenitors positive for HbF (F cells). Day 8 erythroid
progenitors treated with 200 nM and 300nM miR-144 produced a 40% decrease
in F-cells (Figure 17A and 17B). By contrast, anti-144 increased the number of
F-cells by 1.7-fold (p<0.05); when erythroid progenitors were treated with miR144 mimic and anti-144 the decrease in F-cells mediated by miR-144 was
abrogated (Figure 17A and 17B).
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Figure 17. miR-144 decreases the percentage of F-cells in primary erythroid
progenitors. Primary erythroid cultures were transfected with scrambled control,
mature miR-144 mimic, miR-144 inhibitor (anti-144), or a combination of miR-144
mimic and anti-144 at concentrations of 200 and 300 nM on day 8 of culture. After 48
h. on day 11 of culture, cells collect for analysis by flow cytometry. A. Representative
histograms of the percentage of positive F-cells in each treatment group. B.
Quantitation of percentage of positive cells for each treatment group. Data reported
with respect to scrambled control, which was set to one and reported as the fold
change ± standard error of the mean (SEM). Statistical analysis was performed using
student’s t-test between treatment groups versus scrambled control group with p˂0.05
consider significant.
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4. miR-144 reduces NRF2 and HbF protein levels in primary erythroid
progenitors

The last set of studies conducted in primary erythroid progenitors
measured NRF2 and HbF levels by western blot. On day 8 erythroid cells were
transfected with miR-144 mimic, anti-144, or combination treatment and total
protein was isolated after 48 h. Treatment with 300 nM miR-144 mimic decreased
NRF2 and HbF protein levels by 40%, whereas anti-144 increased NRF2 and HbF
protein levels by 1.5 fold (Fig. 18A and 18B). As observed at the mRNA levels
the anti-144 blocked the ability of miR-144 mimic to decrease NRF2 and HbF
protein levels (Figure 18A and 18B). Collectively, the studies in the primary
erythroid progenitors implicate miR-144 as a repressor of NRF2 and HbF
expression.
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Figure 18. miR-144 overexpression decreases NRF2 and HbF protein expression
in primary erythroid progenitors. Primary erythroid cultures were transfected with,
scrambled control, mature miR-144 mimic, anti-144, or a combination of both mimics
at concentrations of 300 nM on day 8 of culture. After 48 h., on day 11 of culture, cells
were harvested for analysis. A. Western blot analysis of the NRF2 and HbF
expression. Actin was used as the loading control. B. Densitometry data from western
blot data. Data reported with respect to scrambled control, which was set to one and
reported as the fold change ± standard error of the mean (SEM). Statistical analysis
was performed using student’s t-test between each treatment group versus the
scrambled control group with p˂0.05 consider significant.
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5. Hemin-induced stress model for NRF2 activation in KU812 cells.
To gain additional evidence for the role of a miR-144/NRF2-mediated mechanism
of γ-globin activation we developed a drug induction model of NRF2 activation. Under
normal conditions, NRF2 is sequestered in the cytoplasm by Keap1 (Itoh, et al., 1999)
and directed to the proteasome for degradation via ubiquitination mediated by the adaptor
Keap1-Cul3 complex (Kobayashi, et al., 2004). Typically protein levels of NRF2 are low
due to continuous degradation until needed to respond to cellular oxidant stress therefore,
at steady-state it is difficult to ascertain the effects miR-144 mimic treatment as it relates
to NRF2 inhibition. By contrast, the erythrocytes of individuals with SCD are under
constant oxidative stress due to chronic hemolysis leading to NRF2 activation. Thus, to
mimic this clinical phenotype, we treated KU812 cells with hemin to recapitulate the
effects of free hemoglobin and heme that contribute to the complications of SCD
(Owusu-Ansah, et al., 2015). To establish our KU812 cell oxidative stress model we
treated cells with hemin 25 to 75 μM for 48 h. At the highest concentration of 75 mM
hemin induced γ-globin mRNA and HbF synthesis a maximal 1.9-fold (Figure 19A and
B). We observed a dose-dependent increase in NRF2 protein synthesis from a 1.6 to 3.9fold increase (Figure 19B and 19C).
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Figure 19. Hemin induces NRF2 and HbF protein expression in KU812 cells.
KU812 cells were treated with Hemin (25-75 μM) for 48 h. A. RT-qPCR of γ-globin
expression levels normalized to GAPDH. B. Western blot analysis of NRF2 and HbF
gene expression after induction. Tubulin was used as the loading control. C. Shown in
the graph are data obtained by densitometry of western blot gel for NRF2 and HbF.
Data for qPCR and western blot densitometry were normalized to untreated KU812
cells, which were set to one and reported as fold change ± standard error of the mean
(SEM). Statistical analysis was performed using student’s t-test between untreated and
Hemin groups with * p ˂ 0.05 and ** ˂ 0.01 p consider significant.
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6. miR-144 blocks Hemin-mediated HbF induction in KU812 cells.

To test whether miR-144 reversed the ability of NRF2 to activate HbF
expression, KU812 cells were transfected with 300 nM of miR-144 mimic or
negative control for 24 h. and then were treated with 50 μM hemin for another
48h to activate NRF2. We verified successful miR-144 transfection with a 12-fold
increase in miR-144 levels in mimic treated cells compared to negative controls
(Figure 20A). With miR-144 overexpression there was no significant change in
γ-globin expression (Figure 20B) as would be expected since NRF2 protein levels
are low at steady-state (Figure 19A). However, when KU812 cells were treated
with hemin compared to pretreatment with miR-144 followed by hemin, we
observed abolishment of the robust induction of NRF2 and HbF induction
mediated by hemin (Figure 20C). These data suggest that the stressed activated
miR-144/NRF2 signaling pathway is involved in γ-globin regulation in erythroid
cells.
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Figure 20. miR-144 blocks Hemin induced up-regulation of HbF. KU812 cells
were transfected with mature miR-144 mimic or a negative control miRNA at a
concentration of 300 nM. After 24 h. cells were treated with or without 50 μM of
Hemin. 48 h. later cells were harvested for analysis. A. RT-qPCR of mature miR-144
expression levels normalized to RNU6. B. RT-qPCR of γ-globin expression
normalized to GAPDH. qPCR data was normalized to negative control which was set
to one and reported as fold change ± standard error of the mean (SEM). C. Western
blot analysis of NRF2 and HbF expression. Tubulin was used as the loading control.
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V.

DISCUSSION

Aim 1: Identification of miRNA(s) which contribute to γ-globin
regulation using computational in silico analysis [
Discovering novel pathways that increase HbF expression will expand the current
options available for the development of novel therapeutics for SCD and other βhemoglobinopathies. In this study, we demonstrate the ability of miR-34a to increase
HbF in K562 stable cell lines. Currently the miR-34a mimic, MRX34 is in phase I
clinical trials (NCT01829971) for the treatment of primary liver cancer and advanced
metastatic cancer with liver involvement (Agostini & Knight, 2014). The company
developing MRX34 plans to move forward to phase II clinical trials since the mimic has
yielded promising results in the reduction of cancer burden as a monotherapy. miR-34a
is an ideal anti-cancer agent, because of its role in the regulation of a broad number of
target genes involved in proliferation, apoptosis, metastasis, and chemo-resistance
(Agostini and Knight 2014). One future possibility may be to re-purpose MRX34 for
SCD, however, miRNA replacement therapy for SCD may prove to be challenging.
First, miR-34a is currently used for cancer therapy where miR-34a levels are suppressed.
The effects of increasing miR-34a levels in cells that maintain normal expression and
whether this will have an effect on downstream targets is not known. Off target
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effects due to the imprecise nature of miRNA targeting is an additional limitation of miR34a mimic therapy. The current clinical trial utilizes a liposomal delivery method, and it
is yet to be determined whether miR-34a can reach the bone marrow compartment, the
site of hematopoiesis. Additional research into mimic delivery systems may be required.
If these challenges can be overcome, moving forward with studies to address the effects
of miR-34a in pre-clinical models such as the SCD transgenic mouse or baboons will be
required to assess the safety and ability of miR-34a to induce HbF in vivo.
Initially we hypothesized that miR-34a would repress γ-globin expression based
on a predicted binding site in the 3’UTR. In silico, target prediction algorithms are a
powerful tool available to researchers, however not every prediction is biologically
relevant. In the luciferase reporter studies, neither Aγ- or Gγ-globin reporter plasmids
resulted in a decrease of luciferase activity with miR-34a mimic treatment. This finding
suggest that despite the presence of a predicted seed binding region in the HBG1 and
HBG2 3’UTRs, it is not biologically functional.
microRNAs typically repress translation of mammalian genes that they regulate
(Ambros, 2004), however, there have been reports of miRNAs that positively regulate
genes by two mechanisms. The first, is activation through 5’UTR binding exemplified
by miR-122, which has been shown to induce the expression of their targets in this
manner (Jopling, et al., 2005). The other mechanism is by inducing gene expression
through promoter binding exemplified by miR-373 which has a promoter target site in the
E-cadherin gene (Place, Li, Pookot, Noonan, & Dahiya, 2008). It is unlikely that miR34a up-regulates γ-globin through either mechanism, because of a lack of additional seed
binding sites in the gene or within 1000 based in the promoter relative to the γ -globin
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gene cap site. Therefore, we conducted additional studies to define a mechanism other
than direct targeting of miR-34a to the 3’UTR was hypothesized to be responsible for
HbF induction by stable miR-34a expression.
The binding dynamics between miRNA-mRNA are complex and incompletely
understood.

A single miRNA can regulate hundreds of transcripts, which makes

establishing a mechanism of HbF induction by miR-34a complex.

This project

demonstrates two plausible mechanisms that work synergistically to increase HbF in
K562 cells, but other mechanisms are possible in response to overexpression of miR-34a.
For example, a known target of miR-34a is MEK1 (Ichimura, et al., 2010). It is
reasonable to speculate that if MEK1 is silenced then the activation of γ-globin repressor
ERK1/2 would also be down-regulated. However, this is not always the case with
overexpression of miR-34a, since increases in phosphorylation of ERK1/2 have been
observed (Tivnan, et al., 2011). HbF up-regulation by miR-34a is most likely achieved by
a number of mechanisms, some of which remain unknown. Based on the data generated
in this project, it is possible that miR-34a mediates HbF induction though its influence on
factors that control globin gene translation in K562 cells. This conclusion is suggested
by data obtained from the luciferase assay and the fact that HbF levels were up-regulated
prior to the increase in γ-globin gene expression which was observed in the stable pools
overexpressing miR-34a.
It is interesting to note that the experiments conducted with transient expression
of miR-34a mimics and miR-34 inhibitor in the K562 cells were not revealing, however,
long term stable expression was required to see an effect. miRNAs often mediate the
regulation of multiple targets, and it has been reported with antagomirs that there is a
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delay in therapeutic effects after miRNA treatments (van Rooij, Purcell, & Levin, 2012).
Since K562 cells have very low miR-34a levels, the fact that we did not observe an effect
on γ-globin expression is consistent with clinical observations.

We addressed this

limitation by establishing the K562 miR-34a stable cell lines.
The third approach we investigated to determine the mechanism by which
miR34a activates HbF was through down-regulation of a negative regulator of γ-globin.
STAT3 has been implicated in γ-globin gene silencing through binding in the 5’UTR of
the γ-globin gene (Foley, et al., 2002; Yao, et al., 2009). Over expression of miR-34a in
K562 cells reduced total and phosphorylated STAT3 levels. Likewise, STAT3
phosphorylation is also decreased in neuroblastoma cells with increased miR-34a
expression (Tivnan, et al., 2011). A feedback loop between IL-6R/STAT3/miR-34a has
been established (Rokavec, et al., 2014). Rokavec et al treated colorectal cancer cells
with IL-6 which activated the STAT3 pathway; STAT3 in turned was bound to the miR34a promoter and decreased miR-34a mRNA levels (Rokavec, et al., 2014). The IL-6R
was found to be a direct target of miR-34a (Rokavec, et al., 2014). Furthermore, STAT3
mRNA was detected in a miR-34a pull down fraction (Lal, et al., 2011). Decreased
STAT3 phosphorylation in miR-34a stable clones supports an indirect mechanism of γglobin promoter activation by miR-34a. We also show that overexpression of miR-34a
promotes erythroid differentiation, which could also contribute to HbF induction. These
two mechanisms are not mutually exclusive in that STAT3 has been shown to inhibit
EPO driven erythroid differentiation (Kirito et al., 2002). We suggest a mechanism
where miR-34a suppresses STAT3 activity, which results in enhanced HbF expression as
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a result of de-repression of γ-globin promoter activity (Figure 21) and by promoting
erythroid differentiation.
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Figure 21. Model of γ-globin gene activation by miR-34a. Overexpression of
miR-34a in K562 individual clones decreases phosphorylated and total STAT3
levels which support an indirect mechanism of γ-globin gene activation by STAT3.
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Aim 2: Identification of miRNA(s) which contribute to γ-globin
regulation using miRNA gene expression profiling from individuals
expressing low versus high levels of HbF.

The strategy to characterize genetic factors that impact HbF expression has been
successful in identifying inherited DNA variations that contribute to HbF expression.
Genome-wide association studies identified SNPs in the -158 Xmn1-HBG2, HBS1LMYB region, and BCL11A gene which account for approximately 50% of HbF variance
in different racial and ethnic groups. There remaining unknown genetic modifiers of γglobin gene regulation and other genetic components involved in HbF regulation. In this
study we investigated variation in miRNA genes expression between individuals with
SCD and low and high HbF phenotypes to gain insight into additional mechanisms of
HbF regulation. We established the miRNA signatures of the two groups are different; in
particular, miR-144 was highly upregulated in the low HbF group suggesting it is a
negative regulator of HbF expression. We conducted studies which support downregulation of NRF2, a known trans-activator of γ-globin as part of the negative regulatory
effects of miR-144.
Interestingly the top two differentially up-regulated miRNAs in the low HbF
group originate on the same hairpin miRNA loop structure. miR-144-5p is from the 5’
end and miR-144-3p is on the 3’ branch of the loop. miR-144-3p, also known as miR144 and considered the primary mature miRNA produced from this gene locus, however
this does not exclude miR-144-5p as a regulator of γ-globin. We tested miR-144 since it
has been linked with severe anemia in SCD and NRF2 was identified as a target of miR144 (Sangokoya, et al., 2010). However, in the previously described miRNA profiling
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the question whether miR-144 regulates HbF expression was not addressed. Relevant to
the studies conducted herein, recently it was demonstrated that NRF2 is involved in drugmediated γ-globin gene activation in K562 cells and erythroid progenitors (Macari &
Lowrey, 2011).
In this project we report the ability of miR-144 mimic to inhibit the γ-globin and
NRF2 genes at the transcriptional and protein expression levels in primary erythroid
progenitors (Figure 22). F-cells were also decreased with miR-144 overexpression. To
further support this mechanism miR-144 inhibitor (anti-144) abrogated the repressive
effect of miR-144 mimic on NRF2 and HbF expression. Moreover, miR-144 mimic
blocked the ability of hemin to induce NRF2 and HbF in an oxidative stress model.
Collectively, these data support a mechanism of repression of γ-globin by miR-144
through the NRF2 pathway.
Oxidative stress and inflammation play a major role in the pathophysiology of
SCD, therefore drugs with antioxidant effect and the ability to induce HbF would have
greater efficacy (Amer et al., 2006). There is mounting evidence that treatment with
NRF2 activators in cell lines, primary erythroid progenitors, and transgenic SCD mouse
models reduces oxidative stress, improves outcome, and increases HbF (Belcher, et al.,
2016; Keleku-Lukwete, et al., 2015; Macari & Lowrey, 2011; Promsote, et al., 2014).
Of the top 10 differentially genes miR-144 emerged as a potential therapeutic target. It is
responsible for the down-regulation of a key transcription factor, NRF2, involved in
cellular protection against oxidative stress. Individuals with SCD and elevated miR-144
levels might benefit from antagomir therapy to promote two beneficial effects, the
increase of NRF2 expression, which would increase the ability to tolerate oxidative stress
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and potentially HbF induction.

Antagomir-mediated inhibition of miR-144 is a

promising therapeutic invention for individuals with SCD, because miR-144 is associated
with severe anemia and low HbF levels, thus blocking miR-144 could alleviate anemia
and increase HbF expression. The challenges in using antagomir therapy are similar to
the ones discussed above for mimic replacement therapy. However, one advantage is that
stable antagomirs are readily manufactured. Delivery site specificity still presents a
limitation. As with mimic replacement therapy the potential for off target effects with
antagomir therapy are of concern. While selective repression of a single miRNA can be
achieved, predicting the consequences of knockdown of a single miRNA at the cellular
levels remains to be understood. Additional studies need to be conducted to determine
whether miR-144 antagomir therapy will be successful in pre-clinical models of SCD.
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Figure 22. Model of γ-globin gene repression by miR-144. Overexpression of
miR-144 in primary erythroid progenitors decreases NRF2, γ-globin expression, and
HbF levels. Treatment with anti-144 reverses miR-144 mediated repression of NRF2
and HbF
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VI.

SUMMARY

Aim 1: Identification of miRNA(s) which contribute to γ-globin
regulation using computational in silico analysis [
In silico analysis identified a miR-34a binding site in the 3’UTR of the HBG1 and
HBG2 genes.

On the contrary, experimental data demonstrated that miR-34a up-

regulated HbF expression when stably expressed in K562 cells. Our data support the
regulation of HbF expression by miR-34a through two mechanisms: the promotion of
erythroid differentiation and the silencing of STAT3 expression.

Aim 1: Identification of miRNA(s) which contribute to γ-globin
regulation using miRNA gene expression profiling from individuals
expressing low versus high levels of HbF.
miRNA expression profiling in SCD individuals with low and high HbF
phenotypes demonstrated that numerous miRNA genes are differentially expressed
between the two groups. miR-144 was identified as the top differentially expressed
miRNA that was up-regulated in the low HbF group compared to the high HbF group.
miR-144 correlated with a negative regulation of HbF through NRF2 gene silencing.
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