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INTRODUCTION 

The primary goal of this research was to evaluate the fetal hemoglobin (HbF)

inducing efficacy of resveratrol (RSV), a plant polyphenol, in relevant in vitro systems, a 

preclinical mouse model of sickle cell disease (SCD) and to determine its mechanism of 

action. An overview of the public health impact of SCD, the molecular pathogenesis of 

the disease and our current understanding of the fetal-to-adult hemoglobin switch are 

discussed in detatl below. Additionally, the roles of erythrotd Kruppel-like factor 1 (KLFl) 

and B-cell lymphoma llA (BClllA) in stlencmg the gene responsible for fetal 

hemoglobin are discussed, followed by a description of experimental models used to 

study sickle cell disease. lastly, the properties and applications of RSV in relevant 

disease models are discussed, followed by a description of the objectives and specific 

aims of this study. 

Sickle Ce ll Disease: Publ ic Health Impact 

The term stckle cell disease (SCD) describes a group of genetically complex 

hemoglobinopathtes with worldwide public health implications [1,2]. The sickle cell 

mutation is a single gene disorder that alters the genotype and function of adult 
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Figure 1. Sickle red blood cell. A) Original reported observation of the peculiar 

elongated forms of red blood cells by James Harrick in 1910. In that report he observed 

occasional shadow forms of red cells with a few nucleated red cells also noted. B) A 

healthy blood cell (right) compared to a sickled blood cell (left). Image is from 

Discovery.com 
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hemoglobin. The mutation is caused by a s~ngle adenine to thymine transversion in the 

sixth codon of the ~-globin gene. This missense mutat1on causes the negatively charged 

glutamic acid to be replaced with the less polar valine. This disorder is inherited in an 

autosomal recessive pattern. Individuals with one copy of the sickle cell mutation have 

sickle trait, which typically does not cause disease. Inheritance of two copies of the 

sickle cell mutation produces sickle cell anemia (SCA), a serious and often fatal disease. 

Other forms of SCD are caused by genetically combining the ~-sickle mutation on one 

allele with other types of ~-globin mutations on the other allele; important examples 

include hemoglobin S-hemoglobin C (HBSC) d1sease and hemoglobin S-beta thalassemia 

(HbSBetaThal) disease. This work focuses exclusively on SCA, the homozygous 

inheritance of the ~-sickle mutation (HbSS). 

Sickle hemoglobin (HbS) is predominantly expressed shortly after birth and into 

adulthood. In the deoxygenated state, the valine substitution in sickle hemoglobin 

(HbS), creates contact points with other HbS molecules and forms insoluble aggregates 

[3,4,5,6). Polymerization of HbS has wide-ranging effects on the red blood cells (RBCs). 

These include the typical shape change in morphology (Fig. 1), altered rheological 

properties, and a ten-fold decreased life-span compared to normal RBCs [7]. These 

events culminate in a devastating syndrome of chronic hemolysis, vase-occlusion and 

painful crisis, organ damage, and a shortened life-expectancy [1,3,5). 
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The Center for Disease Control (CDC), National Institutes of Health (NIH) and 

World Health Organization (WHO) estimate that in the United States, approximately 

70,000 to 100,000 individuals, predominantly African-Americans are affected. Globally 

more than one million people suffer from this disease (CDC 2011, NIH 2012, WHO 2011). 

Annually between 300,000 to 400,000 infants globally are born with major hemoglobin 

disorders (mainly SCD and thalassemias) including more than 200,000 cases of SCD in 

Africa alone. Up to 90% of these births occur in low- or middle-income countries [8]. 

SCD is particularly common among people whose ancestors come from sub-Saharan 

Africa, Saudi Arabia, India and Mediterranean countries (Fig. 2). The geographic 

distribution and prevalence of the sickle gene coinc1des with global regions that are 

endemic for malaria. It is now well established that the carrier state of one sickle cell 

gene confers resistance and a survival advantage against malaria [9,10]. It has been 

postulated that the sickle cell gene mutation persisted and expanded in Africa because 

of its protective role against malaria during early childhood [9,10,11,12]. 

In the United States, measures such as newborn screening, prophylactic 

penicillin, vaccination against invasive pneumococcal disease and improved health care 

has reduced sickle cell-related mortality, especially among patients younger than 5 years 

of age (CDC, 2011). Another seminal milestone was reached in 1948 when pediatrician 

Janet Watson suggested that elevated fetal hemoglobin (HbF) levels protected 





Figure 2. Global distribution of major hemoglobinopathies. Sickle cell disease and ~

thalassemia affects millions throughout the world and are particularly common among 

people whose ancestors come from Sub-Saharan Africa, South America, Cuba, Central 

America, Saudi Arabia, India, and Mediterranean countnes such as Turkey, Greece, and 

Italy. (http:/ /www.who.int/genomics/public/geneticdiseases/en/index2.html). 
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newborns with SCD from the complications of the disease. The HbF molecule consists of 

two a-globin and two y-globin subunits (a2y2) and therefore lacks the ~-globin mutation 

of HbS (a2~52 ) [13,14) (Fig. 3). Pursuant to this observation, decades of research have 

been devoted to finding pharmacological compounds capable of stimulating fetal 

hemoglobin. These efforts have led to the development and use of hydroxyurea (HU) to 

treat adults and children with SCD. In a large clinical study, the Multicenter Study of 

Hydroxyurea in Sickle Cell Anemia (MSH), HU induced robust increases in HbF in adult 

patients with SCD and became the first drug to reduce the incidence of major 

complications caused by SCD [15,16,17]. To date, HU remains the only Food and Drug 

Administration (FDA)-approved drug for treatment of SCD. More recently, HU has been 

recommended for the treatment of pediatric patients with SCD. 

Molecular Pathogenesis 

Erythrocyte Related 

In SCD, a single nucleotide substitution (GTG for GAG) in the sixth codon of the~

globin gene results in the substitution of valine for glutamic acid on the surface of the 

variant ~-globin (~5-globin) chain (Fig. 3) [18]. This change in the HbS molecule allows 

valine to dock with complementary sites on adjacent globin chains in the deoxygenated 

state. The polymerization of deoxygenated HbS is the cardinal indispensable event in 

the molecular pathogenesis of SCD. Polymerization of HbS is dependent on the 
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intraerythrocytic HbS concentration, degree of cell deoxygenation, pH and other factors. 

The polymer itself consists of a highly structured bundle of rope-like hemoglobin fibers. 

Polymerization studies have shown that several hemoglobin variants have the capacity 

to form intermolecular contacts with and stabilize the deoxygenated-HbS molecule [19]. 

Polymer formation distorts the red cell into the classic crescent or sickled shape (Fig. 1). 

The elasticity of the sickled RBCs is subsequently lost and predisposes them to become 

entrapped in the microcirculation. Microvascular occlusion is a hallmark of the disease 

and is responsible for many of the major complications of SCD. Detailed in vivo studies 

in mouse models of SCD have brought to light the complex pathophysiology of 

microvascular occlusion. In addition to the passive entrapment of stiff and senescent 

sickled RBCs, active adhesion of white blood cells, stress reticulocytes and sickled RBCs 

to an activated vascular endothelium also plays a major role. The postcapillary venule, a 

vascular segment where blood flow slows, appears to be a preferred site where most of 

these adhesions events take place [20,21]. Microvascular occlusion results in local 

hypoxia, increased HbS polymer formation, and propagation of the occlusion to the 

adjacent vasculature. Transmigration of neutrophils through endothelial gap junctions 

also adds to increased inflammation in the local milieu [21]. 

Abnormal cation homeostasis in the RBC has also been Implicated in the 

pathogenic events leading to vase-occlusion. It is believed to be the underlying cause of 

dehydrated dense sickled cells in general and in particular, short lived, irreversibly 





Figure 3. Pathogenesis of sickle cell disease. Adult hemoglobin, HbA, consists of two a

globin and two f3-globin (a2f32) and is the predominant form of hemoglobin found in 

normal RBCs. The sickle hemoglobin molecule, HbS (a2f352), is created by a single 

nucleotide substitution (GTG for GAG) causing a mutation of glutamine to valine in the 

f3-chain. Under low oxygen tension, HbS polymerize creatrng the distorted RBC 

morphology. The fetal hemoglobin molecule, HbF, consists of two a-globin and two y

globin subunits (a2y2) and therefore lacks the f3-globin mutation of HbS. Upon 

reactivation of HbF in persons who carry the f3-globin mutation, normal RBC morphology 

is retained. 
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sickled cells [21]. In addition to their role in vasa-occlusion, these cells are a crucial 

causative factor for anemia and increased hemolytic rates in SCD [21]. 

Extra-Erythrocyte Related 

Sickle cell adhesion and intravascular sickling are likely contributors, not only to 

endothelial damage and up-regulation of vasoactive molecules such as prostaglandins 

and endothelin 1 (ET-1) [22], but also to up-regulation of adhesion molecules involved in 

blood cell-endothelial interactions [23]. Dysregulation of vasomotor tone favoring 

vasoconstriction via ET-1, and eicosanoid and stress mediators have also been 

implicated tn the prolongation of the erythrocyte microvasular transit time [21]. In vitro 

studies have shown that sickle cell contact and adhesion to cultured endothelial cells 

can inhibit endothelial DNA synthesis, increase ET-1 mRNA [24], impair nitric oxide (NO) 

synthesis [25], stimulate arachidonic acid metabolism and prostacyclin release [26,27] 

and up-regulate expression of endothelial adhesion molecules [27]. 

Data from historical and animal studies suggest that leukocytes are of major 

importance in the pathophysiology of SCD [28]. Increased white blood cell counts can 

predict disease severity [29] and mortality [30], whereas a raised baseline white cell 

count is an independent risk factor for acute chest syndrome [31] and cerebral 

infarct1on [32]. The size, rigidity and adhesive characteristics of leukocytes are relevant 

to microvascular blood flow, with transgenic mouse models providing evidence of 
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vascular inflammation and leukocyte involvement in the vase-occlusive event [28]. 

Models of hypoxia-reoxygenation also lend support to the hypothesis that microvessel 

occlusion is a form of reperfusion injury, in which oxidant stress and inflammation leads 

to chronic end-organ damage [33]. Quantitative and qualitative reductions in leukocytes 

during hydroxyurea treatment correlate with amelioration of disease severity [17,34]. 

Vascular tone adaptations in SCD are a response to hemolytic anemia, 

intravascular sickling and vase-occlusive events, all of which can contribute to tissue 

hypoxia. Intravascular sickling and cell adhesion not only contribute to an inflammatory 

state and local tissue hypoxia, but are also likely to cause endothelial dysfunction as 

reported for other inflammatory diseases [35]. The effect of vascular tone on sickle RBCs 

was studied in transgenic sickle mice exposed to different levels of oxygenation [36]. 

The study revealed a striking difference in the microvascular responses in control and 

transgenic sickle mice. Under hypoxic conditions, the transgenic sickle mice were shown 

to have significantly reduced red cell velocity, consistent with increased viscosity due to 

in vivo HbS polymer formation. A 70% increase in red cell velocity was observed when 

the same transgenic mice were exposed to hyperoxia, probably a result of the oxygen

induced depolymerizatron of HbS and revesal of RBC sicklrng. 

In recent studies on nitric oxide (NO) bioavailabrlrty in patients and in transgenic 

sickle mice [36,37,38], investigators have observed vascular tone adaptations and 

attenuated vascular responses to NO-mediated stimuli. Depleted levels of l-arginine and 
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NO metabolites have been shown in both patients and srckle mouse models [39,40,41]. 

The many facets of the vascular pathophysiology of SCD are complex, produce serious 

disease and represent a system-wide response to the central event in SCD, HbS 

polymerization. Therefore, therapies that significantly slow or prevent the formation of 

the HbS polymer are predicted to drastically reduce disease severity. 

The Fetal-to-Adult Hemoglobin Switch 

One of the most promising therapeutic strategies for the treatment of SCD to 

date focuses on the discovery of small molecule therapies to reactivate HbF, an 

ontogenetically early form of hemoglobin (42,43,44]. In contrast to HbS (a2~52), HbF 

consists of two a-globin and two y-globin subunits (a2y2) and therefore lacks the ~s 

mutation. HbF does not polymerize and has been shown to possess potent anti

polymerization and thus anti-sickling activity in patients with SCD (13,43,45]. 

The difference in the levels of HbF affects the severity of SCD. A high level of HbF 

is associated with a less severe clinical course [44,46]. Based on these observations, 

much research has focused on deciphering the regulatory steps that are responsible for 

the globin gene switching during ontogeny. This process is complex and a complete 

prcture has yet to be determined [47,48,49]. The hemoglobin molecule is a tetramer 

composed of two subunits of a-like globin peptrde chains and two subunits of the ~-like 

globin peptides, along with heme moieties necessary for the oxygen-carrying capacity of 
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this molecule [6,7]. Throughout the course of development, a variety of P-like globin 

molecules are produced, owing to a spatiotemporal regulation of the human J3-globin 

locus on chromosome 11 {Fig. 4). 

During the first trimester, an embryonic form of the P-like globin known as £

globin is predominantly expressed within the yolk sac-derived primitive lineage of 

erythrocytes (49,50]. Production of enucleated definitive erythrocytes commences soon 

after in the fetal liver and the predominant P-like globin molecule produced is y-globin 

[44,48,49]. This molecule is encoded by two duplicated y-globrn genes (Gy and Ay) found 

within the J3-globin gene cluster (Fig. 4). The y-globrn chains combine with adult a-globin 

chains into a stable tetramer forming HbF. For the remainder of gestation, HbF remains 

robustly expressed (44,48]. Shortly after birth there is a switch from HbF to adult 

hemoglobin (HbA) expression, which is mediated by a complex network of cis- and 

trans-regulatory events. 

The mechanism that turns off the y-globin gene was initially attributed solely to 

gene competition with the J3-globin gene [51,52]. It was later postulated that 

autonomous silencing is the main mechanism whereby y-globin genes are silenced 

during development [53]. Evidence supporting the autonomous silencing theory of the 





Figure 4. P-I ike globin gene expression during human development. A) Structure of the 

P-like globin gene locus including long range control hypersensitive sites (LCR HS 1-7), 

embryonic (e:), fetal (yG and l) and adult (6 and J3); B) Developmental expression 

patterns of the P-like globin genes [125]. 
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y-globin genes was provided by two types of experiments. First in transgenic mice 

carrying ~-YAC constructs from which the ~-globin gene had been deleted [54], the y

globin genes were developmentally silenced after birth despite the absence of the ~

globin gene. This finding argued against the hypothesis that y-globin silencing is simply 

the result of competition for trans-acting factors and/or the locus control region (LCR) 

by the ~-globin gene. Secondly, when ~-globin gene is placed close to the LCR, it is 

expressed throughout development [55,56]; however, when the y-globin gene is placed 

in the same position, it is expressed in the embryonic and fetal stage, but silenced 

postnatally as expected. These findings supported the hypothesis that y-globin silencing 

is autonomous. However, evidence later observed in transgenic studies [57], as well as 

the increase in y-globin gene expression in patients with ~-thalassemia due to ~-globin 

promoter deletions [58], suggested that competition by the ~-globin gene promoter, in 

addition to autonomous silencing, contributes to the transcriptional suppression of the 

y-globin genes. 

A variety of clinical observations strongly support the concept that HbF is 

protective in SCD. The protective effect of HbF in early infancy was introduced in an 

earlier section [59]. Support for the disease-modifying effect of HbF has also been 

derived from rare patients with SCD who also carry mutations that result in the 

hereditary persistence of fetal hemoglobin (HPFH) [60,61]. Moreover, certain 

populations of patients with SCD from regions of the Middle East and Asia have 
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unusually high levels of HbF, which are associated with a less symptomatic clinical 

course [62]. Large epidemiological studies in SCD subsequently confirmed that increased 

HbF levels can significantly and quantitatively ameliorate the clinical severity and 

decrease mortality in SCD [30,63]. 

Mechanism of KLFl and BCLllA regulation of human y-globin gene 

Given the number of clinical observations illustrating the ability of HbF to 

mitigate the severity of SCD, there has been an interest in developing therapeutic 

approaches that stimulate the production of this beneficial form of hemoglobin. Recent 

insights on the regulation of the y-globin gene have strongly implicated erythroid 

KrOppel-like Factor (KLFl) and B-cell leukemia llA (BCLllA) as potent switching factors 

[64,65,66,67,68]. 

Individual differences in HbF expression are precise and reproducible 

phenotypes that can be easily exploited for genetic studies. Studies that have 

investigated these phenotypes have identified several single nucleotide polymorphisms 

(SNPs), most prominently at two loci, which were associated with high HbF levels: 

BCL11A on chromosome 2 and KLFl on chromosome 19. 

8-cellleukemia 11A {BCL11A} 

A series of molecular studies, which included targeted deletions in mice and 

siRNA/shRNA-mediated knockdown, asserted that BCLllA is a genetically and 
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biochemically verified switching factor [65,66,67,69]. In a survey carried out in the ~

globin locus by ChiP-on-chip, BCLllA was observed to occupy upstream regulatory 

regions as well as regions involved in switching and hereditary persistence of fetal 

hemoglobin (Fig. 5) [70]. Within the ~-globin locus, BCLllA was shown to bind to LCR

HSl, -HS2, -HS3 and -HS7, towards the 3' end of the embryonic (E-globin) hemoglobin 

gene, downstream of HBGl and upstream of the hemoglobin delta (cS-globin) gene, a 

region associated with the Corfu deletion in Corfu cS~ thalassemia. Corfu cS~ thalassemia 

is associated with high levels of HbF due to the derepression of they-globin genes [70]. 

The human ~-globin locus is embedded in a larger cluster of olfactory receptor 

(OR) genes. BCL11A was also observed to bind to the 5' region of OR52A1 gene [70]. In 

K562 cells, binding of BCL11A to proximal y-globin promoter conferred decreased HbF 

levels [69]. Thus, BCLllA acts as a potent negative regulator/suppressor of they-globin 

genes. 

Erythroid KrOppel-like Factor (KLFl}: 

KLF1 is a transcription factor that acts upstream of BCL11A and plays a major 

role in regulating erythroid differentiation. Discovery that deletion of KLF1 was 

embryonic lethal due to severe ~-thalassemia suggested an important regulatory role of 

the ~-globin gene. This was later confirmed by studies showing that KLF1 binds to a 

critical promoter element (CACCC) in the ~-globin locus [68]. KLFl's role as a switching 

factor was less evident until further studies in kl/1-null mice harboring a human ~-globin 





Figure 5. KLFl and BCLllA binding in the J3-like globin locus. KLFl (A) and BCLllA (B) 

both bind to genomic sites within the human f3-like globin gene locus that are known 

from genetic studies to regulate HbF. Black arrows indicate KLFl binding sites whereas 

white arrows indicate BCLllA binding sites. 
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locus transgene revealed incomplete repression of the murine embryonic ~hl-globin 

and human fetal y-globin genes [68]. 

Additionally, humans with mutations in the CACCC element of the ~-globin gene 

were found to suffer from ~-thalassemia and to have greatly elevated HbF expression 

levels. A recent genome wide SNP scan followed by linkage analysis of a Maltanese 

family identified a nonsense mutation in KLFl which was associated with hereditary 

persistence of fetal hemoglobin expression [64]. The Townes group recently identified 

regions where KLFl was found to bind in the human ~-globin locus. They observed 

significant KLFl binding in LCR-HS2,-HS3, -HS4 and the promoter region of adult ~-globin 

gene [68]. 

In addition, the authors also showed KLFl binding to the BCL11A promoter, 

suggesting that KLFl directly regulates BCLllA expression. Since then several studies 

have demonstrated that y-globin gene/HbF expression is increased and BCLllA levels 

are decreased when KLFl levels are reduced. Thus, KLFl appears to play a dual role by 

regulating both the ~-globin and BCLllA promoters. Taken together, there is compelling 

genetic and functional evidence to suggest that KLFl and BCLllA have a significant role 

in the fetal to adult hemoglobin switch, providing a powerful platform for the 

development of targeted therapies (Fig 6). Pharmacologic induction of fetal hemoglobin 

remains one of the most viable therapeutic options for treating SCD and to date no 





Figure 6. KLFl regulates globin switching. During embryonic and fetal development, or 

in KLFl haplomsufficiency (left), KLFl levels are low, resulting in high levels of y-globin. 

In adults (right), increased expression of KLFl in definitive RBCs promotes high levels of 

adult ~ like globin and BCLllA expression, which in turn represses y-globin expression. 
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known pharmacologic agent has been shown to target either KLFl or BCLllA as part of 

its mechanrsm of fetal hemoglobin induction. 

Models of sickle cell disease in research 

In vitro: Pluripotent human cell lines and primary erythroid progenitors 

Hematopoietic tissue is characterized by a continuous process of cell 

differentiation [49]. The bone marrow only harbors a small pool of hematopoietic stem 

cells (HSCs) that provides the source for the different blood cell lineages. The difficulty 

of maintaining sufficient numbers of normal stem cells in culture has made permanent 

cell lines an attractive alternative for experimental purposes (71]. 

In 1975, a group reported the development of the K562 cell line from the pleural 

fluid of a patient with chronic myeloid leukemia in blast crisis [72]. These cells are 

rounded, non-adherent and are able to grow in suspension. They are positive for the 

Philadelphia chromosome [72]. The discovery of glycophorin A (GPA), the major 

sialoglycoprotein of human erythrocytes, on its cell surface resulted in the description of 

the K562 cells as an erythroleukemia cell line (73]. K562 cells also have the ability to 

spontaneously develop characteristics similar to precursors of granulocytes and 

monocytes (73]. Shortly after its establishment as an erythroleukemia cell line, it was 

discovered that K562s synthesize embryonic and fetal hemoglobin [74, 75]. As such, 

K562 cells have become a widely used research tool to screen for compounds that 
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stimulate the expression of fetal hemoglobin. The one major drawback of K562 cells as a 

screening tool for HbF compounds is their inability to synthesize adult hemoglobin (HbA) 

[76]. K562 cells display an embryonic/fetal phenotype, expressing £-globin andy-globin 

but not ~-globin. As a result, it is not often clear whether y-globin activation is the result 

of erythroid differentiation or gene-specific induction. 

The limitations of the widely used K562 cell line for screening potential HbF 

inducers merit the search for an alternative erythroid cell line where both y-globin and 

~-globin are transcribed to mimic normal erythroid progenitors. Such a model system 

would be more desirable for the discovery of novel HbF inducers. Other cell lines such as 

HEL, JK-1, KMOE-2, LAMA-84, and MB-02 have act1ve y and ~-globin chain synthesis 

[76]; however, only the KU812 cell line has detectable fetal and adult hemoglobin 

protein and can undergo differentiation to erythrocytes [77]. 

KU812 cells have been characterized as a multipotential cell line with the ability 

to differentiate towards the basophilic [78], eosinophilic [79], and 

erythroid/megakaryocytic lineages [80]. The erythroid phenotype of KU812 cells, using 

the cell surface markers CD36 and EpoR, has been confirmed [81,82]. In this cell line, 

known HbF inducers were shown to augment y-globin gene transcription. A comparison 

between drug responses in KU812 cells and primary erythroid progenitors showed 

similar general patterns of y-globin inducibility [81] . 
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The ease of culture and the rapid proliferation rate explain the wide-spread use 

of K562 and KU812 cell lines for pharmacological studies of HbF-inducing compounds. 

Despite these advantages, results obtained in these cell lines are considered 

"preliminary'' unless they have been reproduced in primary human erythroid progenitor 

cells (HEPCs). HEPCs remain the best system to predict in vivo efficacy. Human burst 

forming units-erythroid cells in clonogenic assays [83) or erythroid progenitors grown in 

liquid culture [84) are frequently used to evaluate putative HbF inducers. 

In vitro models of human erythropoiesis using primary cells are valuable in 

studying the mechanisms of erythroid differentiation in normal and pathological 

cond1t1ons. Erythroid lineage development requires a delicate balance between the 

opposing effects of proliferation-promoting and differentiation-inducing factors [85). 

Erythroid liquid culture systems starting from cord blood, bone marrow, peripheral 

blood mononuclear cells, or purified CD34+ cells are all commonly used in attempts to 

recapitulate in vivo erythroid differentiation. In these cultures, the two most important 

cytokines are erythropoietin (EPO) and stem cell factor (SCF) [85,86]. EPO protects 

erythroid progenitor cells from apoptosis by activating anti-apoptotic proteins; it also 

stimulates hemoglobin synthesis and is essential for terminal differentiation [87). SCF 

acts synergistically with this lineage-specific factor by promoting proliferation of 

erythroid progenitor cells [85). 
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During the course of erythroid differentiation of primary erythroid progenitors, 

two cell surface markers have emerged as factors for evaluatmg the characteristics of 

the culture, CD71 and GPA. CD71 or the transferrin receptor, the major uptake receptor 

system for elemental iron in all eukaryotic cells, is highly expressed on early erythroid 

cells with high iron requirement for Hb synthesis [88,89]. The surface expression of this 

early marker of erythroid differentiation declines as the red blood cell matures and 

approaches the enucleation stage. In contrast, CD235A (glycophorin A), is a surface 

marker of mature erythrocytes, it increases with time in culture, and remains high on 

the differentiated erythrocyte [90] 

In vitro erythroid culture systems have been shown to recapitulate the 

expression patterns which occur in vivo [91,92]. Although the sources of primary 

erythroid progenitors are varied, the properties they exhibit allow them to be useful 

tools for investigating the molecular mechanisms that regulate differentiation as well as 

the activity of pharmacologic interventions. 

In vivo: Transgenic mouse models of SCD 

Over the past two decades, transgenic mice have become important adjuncts for 

the study of the pathophysiology and treatment of hemoglobm disorders. Many 

engineered knockout and knock-in mouse models are available (Table 1). 
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Table 1: Nomenclature of transgenic mice 

Nickname y-globin gene a~-Giobin gene Mouse a -knockout 
Mouse ~-deletion or 

knocknout 
CS7BL/6 +II+ +II+ 
B '-UAB, six hnes Mixed Bs·UAB Hba

0
//Hba

0 
Hbb

0
//Hbb0 

BERK BERK 1 copy Hba
0
//Hba Hbb

0
//Hbb0 

BERK ~ hemi L BERK 1 copy Hba0 //Hba0 
Hbb

0
//+ 

BERK ~ hemi H BERK 2 copies Hba
0
//Hba

0 
Hbb

0
//+ 

BERK -yM G200 BERK 1 copy Hba
0
//Hba0 

Hbb
0
//Hbb0 

BERK-yH G100 BERK 1 copy Hba0 //Hba 0 
Hbb0 //Hbb0 

~s YAC ~s YAC Hba
0
//Hba0 

Hbb
0
//Hbb0 

~s Knockin ~s-knockin +II+ +II+ 
Thai +II+ Hbbth·I/Hbbt~ I 

NYlOO NYl +II+ Hbbth 1/Hbb1
" I 

SAO SAO +II+ +II+ 
S·Antilles·thal S·Antilles +II+ Hbbth·l/Hbbth-1 

S+S-Ant1lles NYl and S Ant1lles +II+ Hbbtt.-1/Hbbth-1 

NYlKO·yL F1352 NYl Hba
0
//Hba0 

Hbb0 //Hbb0 

NY1KO-yM G203 NYl Hba
0
//Hba

0 
Hbb

0
//Hbb 

NYlKO·yH G100 NYl Hba
0
//Hba0 

Hbb
0
//Hbb

0 
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The complex pathophysiology of sickle cell disease and its modulation by genetic, 

epistatic, and environmental factors make it unlikely that a single animal model will 

adequately represent all aspects of the disease; nonetheless, animal models have 

already made significant contributions to sickle cell treatment. A transgenic mouse 

model exclusively expressing hemoglobin S has contributed to our understanding of 

many aspects of the pathophysiology of the disease and served as a useful preclinical 

model for the evaluation of wide array of targeted therapies. 

Early attempts to create a sickle cell disease mouse model led to lines of mice 

with varying degrees of disease severity. A mixture of both murine and human 

hemoglobin genes contributed to variable degrees of disease severity. Three groups 

have reported sickle transgenic mouse lines that express only human globin chains 

[93,94,95]. In these mice, the murine globin genes have been removed or inactivated by 

homologous recombination and transgenes expressing human a-, ~-, and y-globin genes 

have been incorporated into the mouse genome. 

Other features such as anemia and irreversibly sickled cells in the BERK, ~s-YAC, 

and UAB mice are improvements from prev1ous models. The anemia seen in these mice 

is significant, approximately a 2.5 g/dl reduction, however the effect is not as severe as 

seen in an average sickle cell disease patient (>5.5 g/dl). These m1ce also have many 

useful similarities to human sickle cell disease including reticulocytosis, loss of urine

concentrating ability and tissue/organ damage. 
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In the UAB mice, HbS mice develop significant in vivo pathology at a relatively 

young age under ambient conditions [94]. The spleens of sickle cell mice enlarge 

massively and function as an extramedullary hematopoietic organ in an attempt to 

compensate for the rapid break-down of sickle red blood cells. The normal splenic 

architecture is severely disrupted by the large expansion of erythroid precursors, 

pooling of sickle red blood cells in the splenic sinusoids and recurring tissue infarcts. 

In the livers of HbS mice, generalized congestion of the intrahepatic vasculature 

with aggregates of sickled erythrocytes can be observed. Clusters of erythroid 

precursors in the liver sinusoids indicate another site of extramedullary hematopoiesis. 

Kupffer cells show evidence of erythrophagocytosis and surround a large number of 

tissue infarcts in conjunction with other inflammatory cell types. Many of these 

abnormalities resemble the liver pathology seen m human sickle cell patients (3]. The 

kidney is another organ which undergoes pathological changes. Occlusion of blood 

vessels with sickled erythrocytes, especially in the renal medulla, causes vascular, 

tubular, and glomerular damage (Fig 7). Membranoproliferative glomerulopathy and the 

inabll1ty to concentrate urine (isosthenuria) after water deprivation are frequently 

observed in both mice and humans with SCD. 

In all three knockout lines, the human y globin gene is expressed at high levels 

during the fetal period. In two of the lines, BERK [93] and~· YAC [95], adult expression is 

low or absent; however, Ryan et al (1997) produced a mouse model with y-globin levels 
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ranging from 3.2% to 7.7% [94]. Because each of the major mouse models of SCD have 

different copy numbers and integration sites of the human globin transgenes, 

comparisons of the effect of y-globin therap1es between these lines may be of limited 

value. Factors such as the balance of chain synthesis, the baseline percentage of HbF 

and the percentage of F-cells vary from line to line and introduce difficult to control 

variables. For the purpose of this work, we chose the UAB knockout-transgenic mouse 

model of SCD which expresses at baseline 6-7% HbF into adulthood. Despite the severe 

manifestations of SCD is this model, the lifespan of over 90% of mice ranges from 2 to 9 

months. This particular UAB mouse model has been validated in prior studies as a useful 

tool for testing the fetal hemoglobin response to pharmacological induct1on (96]. 

Properties and applications of resverat rol in disease models 

Resveratrol, 3,4',5-trihydroxystilbene (RSV), is a plant polyphenol that is found in 

red grapes, red wine and other constituents of the human diet [97] (Fig. 8). This 

micronutrient has a broad range of bioactivities, which include potent antioxidant, anti 

inflammatory, and anti-proliferative effects [98,99,100]. It has also been reported as a 

pharmacological mimic of calorie restriction with potential anti-aging and anti-





Figure 7. Histological sections of control and HbS mouse of the UAB model. A low 

magnification (lOX) and high magnification (2SOX) of spleen, liver, and kidney tissue 

sections. HbS spleens are characterized by mass1ve expansion of erythroid precursors, 

pooling of s1ckled erythrocytes in the sinusoids, vascular occlusion and thrombosis. 

Livers of HbS animals exhibit extensive periportal and subcapsular focal necrosis, 

extramedullary hematopoiesis, and numerous sickled erythrocytes in the intrahepatic 

vascular occlusion is most prominent in the corticomedullary junction where dilated 

capillaries are engorged with sickled RBCs [94]. 
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diabetogenic properties [101]. Long term administration of RSV in mice induced gene 

express1on patterns that resembled those induced by caloric restnction and delayed 

aging-related deterioration; however in mice, in contrast to yeast, nematodes, and the 

killifish, RSV did not extend life span [102]. Although RSV is a widely consumed 

nutritional supplement and is currently in clinical trials for various disorders, the 

mechanism of action of RSV has been the subject of considerable debate. One 

important mediator of the metabolic effects of RSV [103] is peroxisome proliferation

activated receptor y coactivator, PGC-1a. PGC-1a is a coactivator that regulates 

mitochondrial biogenesis and respiration and can contribute to fiber-type switching in 

skeletal muscle [104] and increase adaptive thermogenesis in brown adipose tissue 

[105]. Consistent with the known ability of Sirtl to deacetylate and activate PGC-1a 

[106,107], RSV increased SIRT1 and PGC-1a activity in mice fed a high-fat diet [103]. 

The ability of RSV to increase SIRT1 activity has been the subject of controversy 

[108,109,110,111]. It remains unclear whether SIRT1, an NAo•-dependent protein 

deacetylase, plays a direct role in the anti-aging effects of RSV or caloric restriction 

[112,113]. However, overexpression of SIRT1 has been reported to protect mice from 

aging-related phenotypes similar to type 2 diabetes [114,115,116]. In other reports, RSV 

has also been shown to activate a sensor of nutrient deprivation, AMP-activated protein 

kmase (AMPK) in v1vo [117,118,119]. AMPK IS an emerging key regulator of whole-body 





Figure 8. Chemical structure of resveratrol and hydroxyurea. A) Chemical Structure of 

resveratrol. B) Chemical Structure of hydroxyurea. 
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metabolism that senses the AMP/ATP and ADP/ATP ratios. It has been shown to 

increase levels of NAD+ and activate SIRT1 and PGC-1a. 

A recent report attempted to find the direct target of RSV and to elucidate the 

biochemical pathway by which it activates AMPK and produces its metabolic benefits 

[101]. This study found that the metabolic effects of RSV are the result of competitive 

inhibition of cAMP-degrading phosphodiesterases, leading to elevated cAMP levels 

which, in turn, activates guanine nucleotide exchange factor (Epac1), a cAMP effector 

protein, as part of its mechanism of act1on [101]. The authors proposed that the 

downstream effects of Epac1 led to increased act1v1ty of AMPK and Sirt1 which resulted 

in the metabolic benefits of RSV (Fig. 9). In a recent paper published in the journal 

Sctence, the authors present convincing ev1dence that RSV is capable of directly 

activating SIRT1 by an allosteric mechanism. Taken together, it appears that RSV's 

bioactivity is explained by at least two mechanisms which involve both direct SIRT1 

activation and inhibition of phosphodiesterases, especially PDE4, an isoform that is 

highly expressed in erythroid progenitors. 

Surprisingly, in addition to its metabolic effects, RSV was reported as a potent 

stimulant of HbF production in both human erythroleukemia and primary erythroid 

progenitors [120]. In this report the authors showed that RSV was a more potent 

inducer of HbF than hydroxyurea (HU) in K562 cells and primary erythroid progenitors. 

Although RSV and HU bear no chemical resemblance (Fig. 8), the authors emphasized 



32 

the ability of both RSV and HU to inhibit ribonucleotide reductase [121]. They further 

demonstrated that RSV rapidly induced cyclm-dependent kmase inhibitor 1 (p21) mRNA 

expression. Although an association of p21 induction and fetal hemoglobin has been 

prevtously suggested, this correlation falls short of identifying a putative therapeutic 

target able to modulate HbF production [122, 123]. Encouraged by the available 

evidence which suggests a promising role for RSV as a novel HbF stimulant, this 

dissertation addresses two unanswered areas which are critically important to the 

assessment of RSV's clinical potential. 1. What is RSV's molecular mechanism of HbF 

induction? Dectphering RSV's molecular mechanism of action will provide opportunities 

to predict and possibly counter drug-related toxtcities and to design combinatory 

therapies with HbF stimulants that act through different and potentially synergistic 

mechantsms. 2. Is RSV's HbF activity maintained in the in vivo setting? Prior to this 

dissertation, it was not previously known whether RSV's effects on HbF production 

translate to accepted preclinical models of sickle cell disease or to patients with the 

same disorder. Compared to HU, RSV appears to have a more favorable safety profile. In 

a recent phase I dose escalation trial, RSV was admmtstered to healthy subjects without 

any noticeable adverse effects [124]. HU has the potential to cause significant bone 

marrow suppression and its potential for genotoxic effects continues to restrain clinical 

implementation. 





Figure 9. Resveratrol as a caloric mimetic . Resveratrol inhibits POE activity and induces 

cAMP signaling via Epacl, which activates PLCc:, resulting in Ca 2
• release via the Ryr2 

Ca2
• channel and, ultimately, the activation of the CamKK~-AMPK pathway. Calorie 

restriction increases cAMP levels by increasing glucagon and catecholamine levels, 

which activates adenyl cyclase (AC) activity and cAMP production. AMPK increases 

mitochondrial biogenesis and function by increasing PGC-la expression, NAD+ levels, 

and Sirtl activity. An additional pathway that may contribute to reseveratrol action is 

indicated with dotted lines (PKA to LKBl to AMPK) (104]. 
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Hypothesis and specific aims 

The long term goal of research in the area of the ~-hemoglobinopathies is to 

develop curative therapies that correct the underlying pathogenic mechanisms of 

disease. One approach to achieving this ambitious goal is to discover novel 

pharmacologic agents that have potent HbF-inducing properties. Despite the fact that 

over 70 HbF-inducing compounds have been described, only one drug is in clinical use, 

and the exact mechanism of action remains elusive for all of them [125]. This study was 

motivated by the goal to add to our mechanistic understanding of how small molecule 

therapies interact with the cellular decisions that regulate the globin switch and prevent 

the developmentally programmed suppression of fetal hemoglobin expression. 

Specifically, I was interested in identifying a specific molecular target that, once shown 

to be drugable, could be exploited as a target for "next generation" HbF compounds. 

Encouraged by the published bioactivity profile, I chose to focus on resveratrol 

(RSV); however, it is quite possible that mechanistic insights gained from this work will 

apply to other known HbF inducers and assist in the search for effective combinatorial 

treatment strategies. My goal to identify a specific molecule-based mechanism for RSV 

was substantially aided by the rapid progress in the hemoglobtn switching field. A 

current model of the developmental switch of fetal to adult hemoglobin suggests that 

KLFl regulates HbF production through posttive regulation of BCLllA, a potent HbF 

suppressor. Stimulated by an aggressive search in the hemoglobin field for clinically 
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useful inhibitors of KLFl, I wondered whether RSV's activity is mediated by modulating 

the act1v1ty of the hemoglobin switching factors KLFl and BCLllA. Therefore, I 

hypothesized that RSV induces HbF expression by modulating the activity of KLFl and 

BCLllA. Further, I hypothesized that RSV is capable of modulating HbF production in 

vivo in a transgenic mouse model of sickle cell disease. To test these hypotheses, 

formulated the following two specific aims. 

Aiml: 

Aim2: 

To determine whether RSV regulates the activity of the hemoglobin 

switching factors KLFl and BCLllA. 

lA: Determine the ability of RSV to induce HbF production and modulate 

KLFl and BCLllA in vitro. 

lB: Determine whether RSV-mediated HbF induction is neutralized by 

lC: 

2A: 

overexpressing KLFl. 

Determine whether POE inhibition by RSV leads to KLFl suppression. 

To investigate resveratrol's HbF activity in a preclinical mouse model of 
SCD. 

Determine the ability of RSV to induce HbF ex-vivo in mouse primary 

erythroid progenitors. 



36 

2B: Determine whether resveratrol IS capable of HbF induction in a mouse 

model of SCD. 

2C: Determine whether resveratrol is capable of modulating the 

pathophysiology of SCD in a mouse model. 



MATERIALS AND METHODS 

In vitro studies 

Supplies 

Unless otherwise specified, all cell culture media and antibiotics were purchased 

from Life Technologies (Frederick, MD). All sera were purchased from Gemini Bio

products (West Sacramento, CA). Resveratrol (RSV) and hydroxyurea (HU) were 

purchased from Sigma (St. Louis, MO). Forskolm (FSK) was purchased from Calbiochem 

(Billerica, MA). The growth factors, erythropoietin (EPO) and stem cell factor (SCF) were 

purchased from Life Technologies (Frederick, MD). EPO was also purchased from Epogen 

(Thousand Oaks, CA). Resveratrol metabolites; resveratroi-3-0-Sulfate (R-Sul), 

resveratrol 3-0-D-glucuronide (R-30G) and resveratrol-4' -0-D-glucuronide (R-4-0G) 

were purchased from Bertin Pharmaceuticals (Montigny le Bretonneux, France). 

Culture of KU812 and K562 cells 

KU812 and KS62 cells purchased from Amencan Tissue Culture Collection (ATCC; 

Manassas, VA) were cultured in 75 cm2 flasks 1n lscove's Modified Dulbecco's Medium 
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{IMDM) supplemented with 10% fetal bovme serum {FBS) and 1% penicillin

streptomycin {P-S). For experiments, cells were cultured in 6-well plates at SX105 

cells/ml, at which time they were treated wrth the indicated compounds for 72 h. At the 

end of the treatment period, cells were harvested for post treatment assays or analysis. 

Culture of human primary erythroid progenitor cells 

For studies performed in human erythroid progenitors, peripheral blood 

mononuclear cells (PBMC) were obtained from healthy adults with informed consent in 

accordance with guidelines of the lnstitutronal Revrew Board at Georgia Regents 

University. Preparation and isolation of PBMC was as follows: fresh human blood was 

drawn into a tube containing heparin. The samples were then diluted with 2 volumes of 

PBS. Approximately 35ml of the blood sample was overlaid onto 15 ml of Ficoii

PaquerM (GE Healthcare, Piscataway, NJ). The sample was then centrifuged at 400g for 

35 minutes at room temperature in a swinging-bucket rotor without brakes. Following 

centrifugation, the interphase containing the mononuclear cell layer was carefully 

pipetted into a fresh tube and subsequently washed twice in phosphate-buffered saline 

(PBS) at 300g for 10 minutes at room temperature. The cell pellet was then resuspended 

in IMDM media and cells were counted prior to initiation. Primary erythroid progenitor 

cells were initiated in IMDM supplemented with 30% FBS, EPO {4 U/ml), SCF (50 ng/ml) 

and P S (1%). Primary erythroid progenitor cells were differentiated over a period of 14 
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days. For drug induction studies, cells were treated with the indicated compounds from 

day 11 to day 14. 

Culture of murine primary erythroid progenitor cells 

Homozygous sickle cell mice (8-12 weeks old) were euthanized using C02 

inhalation followed by cervical dislocation. The mice were disinfected in 70% ethanol 

and the hind legs were removed and placed in IMDM media containing 1% P/S. Muscle 

t1ssue was removed from the legs usmg surgical scissors and scalpel. Cleaned tibias and 

femurs were then flushed with plain IMDM media to harvest bone marrow content 

using a 23G x 1 inch needle. The remaining bones were then crushed in -so ml of media 

using a pestle and mortar. The resulting cell suspens1on was then filtered through a 40 

~-tm filter. Cells isolated from flushed and crushed bones were combined and 

mononuclear cells were isolated using Ficoii-PaquerM grad1ents (GE Healthcare, 

Piscataway, NJ). Cells were counted and resuspended at 1X107 cells/ml and layered on 

top of an equal volume of Ficoii-Paque. The sample was then centrifuged at 400 g for 35 

minutes at room temperature in a swinging bucket rotor without brakes. Following 

centrifugation, the interphase containing the mononuclear cell layer was carefully 

pipetted into a fresh tube and subsequently washed twice at 400g for 10 minutes at 4C. 

The cell pellet was then resuspended in IMDM media and cells were counted pnor to 

initiation. 
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Mononuclear cells were plated at 7.5 X 105 cells/ml in expansion medium for 

72h. The expansion medium included StemSpan SFEM medium (Stemcell Technologies) 

supplemented with 2.5 U/ml Epo (Amgen), 100 ng/ml mSCF (Peprotech), 1 llM 

dexamethasone (Sigma), 11lM ~-estradiol (S1gma), 40ng/ml IGF-1 (Invitrogen) and 

l.SmM L glutamine (Sigma). At 48h, cells were replated at 7.5x105 cells/ml in 80% fresh 

media plus 20% residual conditioned media. 

Following 72h of expansion, cells were differentiated in the presence of 

compounds for an additional 72h. In differentiation experiments, expanded 

erythroblasts were cultured at 7.5x105 cells/ml. Expansion medium contained StemSpan 

SFEM supplemented with 2.5U/ml Epo (Amgen) and 10% FBS. At the end of the 

different1at1on phase, cells were harvested and subsequent assays were performed. 

MTT Reduction Assay 

The MTI cell viability assay (Biotium; Hayward, CA) was utilized to estimate cell 

viability. According the manufacturer's instructions, 1x104 cells were plated into 96-well 

tissue culture plates. Following treatment with increasing concentrations of drug and at 

different time points, lOill of MTI solution was added to each well and incubated for 3 

hours at 3rc. MTI is a yellow tetrazolium salt substrate that 1s cleaved by living cells to 

yield a dark blue formazan product. This process requires metabolically active cells, 

makmg it a sensitive assay for cell viability. Following incubation, formazan crystals were 
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solubilized by the addition of 200~L of dimethyl sulphox1de (DMSO) into each well. 

Repeated pipetting ensured that all formazan crystals were solubilized. Absorbance was 

determined using a plate reader (Synergy HT; BioTek, Wmooski, VT) at a wavelength of 

570 nm using a reference wavelength at 630 nm to obtain sample signal (00570- 0063o). 

Flow cytometry 

Approximately 2X10
6 

cells (KU812 or primary erythroid progenitor) were fixed 

with 2% formalm for 15 minutes at room temperature or overnight at 4°C. Fixed cells 

were then washed twice in PBS containing 0.1% BSA (PBS/BSA). Washed cells were 

resuspended in 200~L of 1% Triton X-100 and incubated at room temperature for 3-5 

minutes. This step permeabilized the cells to allow for intracellular staining. Following 

permeabilization, cells were washed twice with PBS/BSA. Washed cells were then 

resuspended in 92 ~L of PBS/BSA and incubated with 3~L of monoclonal anti-human y

globin (Life Technologies) and anti-human ~-globin (Santa Cruz) antibodies for 20 

minutes on ice and in a dark container. Following the incubation period, cells were 

washed in PBS/BSA and resuspended in 300~L 2% formalin prior to analysis to 

determine the y- to ~-globin (HbF/HbA) mean fluorescent ratio. For primary erythroid 

progenitors, CD235a (BD Biosciences) or Ter119 (BD Pharmingen) antibodies were used 

to stain cells prior to fixation for intracellular staining. CD235a- or Ter119- positive cells 

were used to gate for the erythroid population in human or mouse cells, respectively. All 

antibod1es utilized for flow cytometry are listed in Table II. 
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Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) 

Total RNA from treated cells was isolated using TRIZOL reagent (Invitrogen) and 

subsequent eDNA synthesis was performed using the SuperScript-M Ill First-Strand 

system (Invitrogen) following the manufacturer's instructions. Using iQ™ SYBR• Green 

Supermix (Bio-Rad) and custom-designed qRT-PCR primers (Integrated DNA 

Technologies) (Table Ill), 50-100 ng of eDNA was amplified using either an iCycler™ (Bio

Rad) or SmartCycler (Cepheid). For BCL11A-XL gene expression, a TaqMan Gene 

Expression Assay (Assay 10, Hs01093198_m1; life Technologtes) was performed using a 

StepOne RT-PCR sytem (Applied Biosystems). The mRNA levels were normalized to 

GAPDH or f3-actin and gene expression was calculated as fold change as compared to 

vehicle using the comparative C method. If not otherwise tndicated, experimental 

groups were compared to control groups. 

Western blotting 

Whole cell lysates were prepared in radioimmunoprecipitation assay (RIPA) lysis 

buffer containing protease and phosphatase inhibttors (Santa Cruz). Equal amounts 

(>301lg) of protein lysates were subjected to SDS PAGE using 4 20% PROTEAN• TGX™ 

gels (Bio-Rad) and transferred to 0.2j..lm lmmun-Biot PVDF membranes (Bio-Rad). 

Membranes were blocked with 5% bovine serum albumen (BSA) (Santa Cruz) in Tris

buffered saline/0.1% Tween 20 (lnvttrogen) and probed wtth specific primary 

antibodies (Table IV) at 4°C overnight followed by the correspondtng 
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Table II. Antibodies for Flow Cytometry 

Monclonal Antibodies Clone Fluorochrome Supplier 

Signaling 

Ms lgGl anti Hemoglobin F HbF-1 PE Life Technologies 

Ms lgGl anti-Hemoglobin~ 37-8 FITC Santa Cruz 

Ms lgG2b anti-CD23Sa GA-R2 (HIR2) APC BD Pharmingen 

Ms lgGl anti CD71 29806 PE R&D Systems 

Rt lgG2b antt-Ter119 TER-119 APC BD Pharmingen 

lsotype Controls 

Ms lgGl 11711 PE R&D Systems 

Ms lgG2b eBMG2b FITC eBioscience 

Rt lgGl eBRGl APC eBtoscience 

Ms lgG2b 27-35 APC BD Pharmingen 

Ms, mouse; Rt, rat; 
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Table Ill. Oligonucleotide primer sequences for qRT-PCR (a). 

Gene Sequence (5' -3' ) Product size Accession # 

G/obins 

y Globin fwd TGG ATG ATC TCA AGG GCA C 208 NM_000559 

rev TCA GTG GT A TCT GGA GGA CA 

~Globin fwd CTG AGG AGA AGT CTG CCG TIA 151 NM_000518 

rev AGC ATC AGG AGT GGA CAG AT 

Signaling 

BCL11A XL ASSAY 10 : Hs01093198_m1 100 NM_022893 

(Proprietary sequences) 

KLF1 fwd CCA CAG CCG AGA CCG CCT TGA CC 151 NM_006563 

rev CTC TCA TCG TCC TCT TCC TCC C 

Housekeeping 

~ actin fwd GCA TCC CCC AAA GTI CAC AA 151 NM_001101 

rev AGG ACT GGC CCA TIC TCC TI 

GAPDH fwd CGG GGC TCT CCA GAA CAT CAT CC 300 NM_002046 

rev CCA GCC CCA GCG TCA AAG GTG 
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HRP-conjugated secondary antibodies for lh at room temperature (Table IV). 

Membranes were then re-probed with anti-a-actin as a loading control. If necessary, 

membranes were stripped in Western Blot Stripping Buffer (Pierce, Thermo Fisher 

Scientific). Bound antibodies were visualized with the ECL detection system (Santa Cruz) 

on autoradiography film (Pierce, Thermo Fisher Scientific). The intensity of 

immunoreactive bands was quantified by densitometry using Image J software (National 

Institutes of Health, Bethesda MD). 

Transient transfections 

To determine whether KLFl expression was required for RSV-induced HbF 

production, a constitutively active KLFl express1on construct (pCMV SPORT6 KLFl WT), 

an E325 mutant dominant-negative KLFl expression construct (pCMV SPORT6 KLFl 

E325K), and an empty vector with a constitutively active CMV promoter control 

expression plasmid (pCMV-EV) were obtained from the laboratory of Dr. Lionel Arnaud 

[ref]. KU812 cells were transfected with Sllg each of either the constitutively active KLFl 

expression construct, the 325K mutant construct, which prevents DNA binding, or an 

empty vector control usmg the Amaxa SF Cell Line 4D Nucleofector kit XL (Lonza). 12h 

post-transfection, cells at 5 X105 cells/ml were incubated with vehicle (EtOH) or RSV 

(SOilM) for 72h. At the end of the 72h incubation period, cells were collected and 

stained for flow cytometric analysis of hemoglobin expression. 
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Table IV. Antibodies for Western Blotting. 

Primary Antibodies Dilution Supplier 

Signaling 

Rb anti-Ctip1 1:1000 Novus Biologicals 

Gt anti-Bcl-11a 1:1000 Santa Cruz 

Gt anti-EKLF 1:200 Santa Cruz 

Ms anti-Hemoglobin y 1:1000 Santa Cruz 

Housekeeping 

Ms anti- f3-actm 1:2,000 Santa Cruz 

Gt anti-a-actin 1:2,000 Santa Cruz 

Rb anti- f3 -2-Microglobulin 1:2,000 Santa Cruz 

Secondary Antibodies 

HRP-Dk ant i-gt lgG 1:5,000 Santa Cruz 

HRP-Gt anti-rb lgG 1:5,000 Santa Cruz 

Rb: rabbit; Gt, goat: Ms, mouse; Dk, donkey 
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IN VIVO STUDIES 

Animals 

Knockout-transgenic sickle cell mice were kmdly provided by Drs. Tim Townes 

and Tom Ryan from the University of Alabama at Birmingham, Birmingham, AL. Sickle 

mice used in these studies were homozygous null for the murine a- and P-globin alleles 

and carried two transgenes encoding the human a , p , and y-globin gene sequences. 

Specifically, one transgene consisted of a 22 kb DNA fragment of the human P-globin 

locus control region (LCR) linked to a 9.7-kb DNA fragment containing the ~-globin and 

P5-globin genes. The second transgene linked the LCR to a 3.8-kb DNA fragment 

containing the human al-globin gene. Adult homozygous sickle mice (HbS ma0 '0mp010 

LCR a/LCR Ay p5
) synthesize approximately 94% human sickle (HbS), 6% human fetal 

hemoglobin (HbF) and no murine hemoglobin. The persistent expression of moderate 

levels of HbF in adult sickle mice is similar to the average HbF levels observed in adult 

sickle cell patients, which was an important criterion for selecting this model for our 

pharmacological studies. Sickle cell mice faithfully mimic many of the hematologic 

manifestations of patients with SCD, including end-organ damage and red blood cell 

sickling. Animals were maintained at the laboratory Animal Services Research Facility of 

the Georgia Regents University. All aspects of the animal research were conducted in 

accordance with the guidelines set by the Institutional Animal Care and Use Committee 

(IACUC) of Georgia Regents University. 
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For oral administration experiments, age and sex matched mice received vehicle 

(Saline) or RSV (RevGenetics, Miami, FL) by gavage da1ly (Mon-Sun) using a small curved 

20 gauge feeding needle (Kent Scientific Corp., Tornngton, CT) at a volume of 10 ~-tis per 

gram body weight for eight weeks. Mice were restrained manually during the gavage 

treatment. Using the thumb and forefinger, the mouse was grasped behind the ears, 

close to the base of the skull (the scruff of the neck) and turned over in the palm of the 

hand. The tail was held down with the little finger. Prior to performing the gavage 

procedure, the distance from the oral cavity to the end of the xypho1d process on the 

outside of the restrained mouse was measured with the feedmg needle. This indicated 

the distance of how far to insert the needle. The feeding needle attached to the syringe 

was then placed into the right lateral side of the oral cav1ty and slid into the esophagus. 

The needle was gently guided down the esophagus pnor to expelling the fluid. The flUid 

was expelled slowly to prevent the fluid from coming back up into the oral cavity or 

rupturing the esophagus. The needle was then gently removed and the animal returned 

to its cage. 

Treatment groups consisted of 1) vehicle (saline, n=3), 2) RSV-LD (25 llg/g/bw; 

n=3), and 3) RSV-HD (250 llg/g/bw; n=4). Mice were weighed weekly and drug/vehicle 

doses were adjusted accordingly. Mice had unlimited access to food and water and 

were maintained in an accredited pathogen-free animal facility in accordance with the 
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guidelines of Georgia Regents University Animal Care and Use Committee and the 

National Institutes of Health (NIH; Bethesda, MD). 

Ev1dence of the rapid metabolism of resveratrol in vivo [126,127] led us to test a 

second approach of treating the mice utilizing medicated chow. With the oral gavage 

administration, the animals received a onetime bolus of RSV, whereas using the dietary 

administration we were able to deliver RSV throughout the day as the mice consumed 

food. Medicated chow was prepared by and purchased from Bio-Serv (Frenchtown, NJ). 

The mice were given two different doses of RSV (10 and 1000 ~g/g/day) as part of their 

dally chow. Control animals received chow diet without act1ve drug (n> 7, in all groups). 

Food consumption by the mice as well as body weight was momtored weekly to ensure 

no adverse effect of treatment modality. No adverse effects of the drug were noted 

between the experimental and control mice during the treatment period of 8 weeks. 

Blood preparation 

Animals were deeply anesthetized using a Ketamine/Xylazine cocktail and blood 

collected by intracardiac puncture into vacutainer EDTA tubes (Becton-Dickinson Co. 

Franklin Lakes, NJ). For hemoglobin analysis, red blood cells (RBCs) were washed three 

times with phosphate-buffered saline (PBS) and lysates prepared with distilled water. 

Membranes and other debris were removed by centrifugation. With other samples, 
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blood cells were separated from plasma by centrifugation at 2000 g for 20 minutes, then 

aliquoted and stored at -80°C. 

Fetal hemoglobin analysis 

Hemoglobin analysis from mouse hemolysates was performed by analytic high 

performance liquid chromatography (HPLC) using a weak cation-exchange column 

SynChropak CM-300 (Eprogen Inc, Darien, IL) on a Waters Empower 32 HPLC 

717 /51S/486 systems (Millipore Corporation, Waters Chromatography, Milford, MA). 

The chromatogram was developed with two buffers: Developer A was 35 mM Bis-Tris, 3 

mM NH4-Acetate, 1.5 mM KCN, pH 6.43; developer B was 3S mM, Bis-Tris, 16.85 mM 

NH4-Acetate, 1SO mM Na-Acetate, 1.5 mM KCN, pH 6.93. A gradient was developed for 

40 minutes (min) with stepwise increments. First step was 30% B (+70% A) to SO% B 

(+SO% A) in 22 min, the second step was from SO% B (+SO% A) to 8S% B (+1S% A) in 10 

min and the last step was 8S% B (+1S% A) to 100% B over the final 8 minutes. The flow 

rate was 1 ml/min. The column was purged for 10 min with 100% B, and equilibrated for 

1S min with 30% B prior to initiation of the next run. Fifty 100 IJg Hb in red cell lysates 

was applied, the absorbance of the effluent was continuously recorded at 41S nm and 

peaks were quantified as area % by a Waters data module. 
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F-ee/Is 

The percentage of F cells was determined by flow cytometry using the Caltag 

Fetal Hemoglobm Test kit (Caltag Laboratories, Burlingame, CA) according to the 

manufacturer-recommended protocol. Flow cytometry was performed using the BD 

FACSCalibur system (BD Biosciences, San Jose, CA). List mode files of 50,000 events were 

collected for log forward scatter (FSC), log side scatter (SSC) and log fluorescence signals 

(Fll) for the FITC-conJugated HbF antibody with the threshold set on the FSC signal. 

FETALtrol controls were used to validate the technique. 

ELISA measurements 

Plasma levels of sVCAM-1 and sE Selectin were measured by ELISA (R & D 

Systems, Minneapolis, MN). Free hemoglobin was measured in plasma using the 

Quantichrom Hemoglobin Assay kit (BioAssay Systems, Hayward, CA). All kits were used 

according to the manufacturer-recommended protocols and absorbences were read 

using a Synergy HT plate reader (BioTek, CA). 

Histological preparation and analysis 

Following removal of blood, major organs (lungs, liver, spleen, kidneys, and 

femur for bone marrow) were harvested, weighed, and fixed in lO~o formalin overnight. 

Hematoxylin and Eosin {H&E) staining was performed on four-micron t1ssue sections by 

the Georgia Research Pathology Services at Georgia Regents University. Light 
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microscopy images were visualized usmg a Zeiss Ax1oplan 2 microscope (lOX objective) 

and images were captured utilizing a Qlmaging Retiga 1300R camera. 

Statistical Analysis 

The effect of different treatments was analyzed using one-way analysis of 

variance (ANOVA) followed by the Student-Newman Keul's (SNK) post hoc test. For all 

groups, n>3 and experiments were repeated in triplicate for verification of results. The 

results were expressed as means ± standard error of the mean (SEM). P Values < 0.05 

were considered significant. 



RESULTS 

Reactivation of fetal hemoglobin (HbF) has emerged as a major therapeutic 

strategy for both SCD and ~-thalassemia. HbF diminishes sickle hemoglobin (HbS) 

polymerization and can partially compensate for the lack of adult hemoglobin (HbA) in 

~-thalassemia. The human ~-globin locus contains five globin genes which are arranged 

in order of their transcriptional activation during development. Until recently, only 

limited insight had been gained on how th1s process is regulated in humans. Erythroid 

Kruppel-like factor (KLFl) and B-cell lymphoma llA (BCLllA) have recently been 

identified as key regulatory components of the developmental switch between fetal and 

adult hemoglobin. Current models suggest that KLFl pos1t1vely regulates the expression 

of the y globin globin gene repressor BCLllA by interacting with the BCL11A promoter 

and other regions of control in the ~-globin-like cluster. 

Resveratrol (RSV), a plant polyphenol, has been identified as a potent HbF 

inducer in both human erythroleukemia and primary erythroid progenitor cells. Prior to 

this dissertation, no studies have examined the molecular mechanism and in vivo 

activity of RSV mediated HbF induction. We hypothesized that RSV-mediated induction 

of HbF is through modulation of KLFl and BCLllA. Furthermore, we hypothesized that 

53 
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RSV IS capable of modulating HbF expression in vivo and Improving disease severity in a 

transgenic mouse model of SCD. 

To test these hypotheses, two specific aims were proposed. In Aim 1, the 

signaling mechanism of RSV through KLF1 and BCL11A was investigated in human 

erythroleukemia and primary erythroid progenitor cells. In Aim 2, a transgenic mouse 

model of SCD exclusively producing human HbS ("'94%) and human HbF ("'6%) was 

utilized to investigate the efficacy of RSV to induce HbF tn vivo. 

Aim 1: To determine whether RSV regulates the activity of hemoglobin switching 

factors KLFl and BClllA. 

Cell viability 

Initial studies set out to determine RSV's effect on cell viability. Alhough we 

expected that RSV would inhibit the rate of cell proliferation with increasing 

concentrations, the purpose of these experiments was to identify the highest 

concentration of RSV that could be used without sigmficant cell death during a three day 

treatment penod, the same time period used later for HbF induction experiments. 

KU812 cells were treated for four consecutive days with increasing concentrations of 

RSV (range, 0-lOOJ.lM}. Cell viability was measured with the MTT assay. Our data 

indicated that RSV at a dose of SOJ.lM had a pronounced cytostatic effect with stable 

absorbance levels for 72h. Cytotoxic effects were not seen until 96h, as indicated by a 





Figure 10. The effect of RSV on cell proliferation. KU812 cells were treated with 

increasing doses of RSV over a period of 96 h. At 24 h time intervals, cells were 

harvested and MTT assays were performed following manufacturer's instructions to 

ascertain the effect of RSV on cell proliferation. Results represent 3 independent 

experiments (n=4). 
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significant drop in formazan production at this time (Fig. 10). Based on these results, all 

subsequent experiments in KU812 cells used a RSV concentration of 50~M for an 

incubation period of up to three days. 

Fetal hemoglobin production analysis 

Using optimal in vitro experimental conditions for KU812 cells, we sought to 

determine by flow cytometry the most effective dose of RSV to induce HbF production. 

A dose range of 0-10011M of RSV was tested, and HbF induction was determined by 

measuring the mean fluorescent intensity (MFI) ratio of HbF/HbA (Fig. llA). The levels 

of both HbF and HbA MFI increased with RSV treatment; however, the change in HbF 

levels was greater than the change in HbA. Usmg this method, 501lM was determined to 

be the optimal dose of RSV. Utilizing K562 cells [120] and an 1soelectric focusing gel 

approach (IEF), others have also reported 501lM of RSV to be the most effective 

concentration for HbF induction in that cell line. Similarly, we determined the most 

effective dose of hydroxyurea (HU) using the same method as we did with RSV in KU812 

cells and found that 5001lM was the optimal dose of HU (data not shown). We then 

decided to perform a direct comparison of RSV and HU at their optimum doses and 

found that at a dose 10-fold less than HU, RSV induced an approximate 2-fold increase 

in the HbF/HbA rat1o in KU812 cells (Fig. llB) (vehicle, 1.0 ±0.13; RSV (501lM) 1.85 ± 

0.17, HU (5001lM) 1.52 ± 0.11). 





Figure 11. RSV induces HbF production in KU812 cells. Quantification of HbF 

production was determined by flow cytometry using monoclonal antibody anti-human 

y- and ~-globin antibodies (HbF and HbA, respectively) to measure mean fluorescent 

intensity. A) The effect of RSV on the HbF/HbA rat1o in KU812 cells. B) Comparison of the 

effects of RSV (SO llM) and HU (500 llM) on the HbF/HbA ratio. Data are expressed as 

the fold change over vehicle. *indicates P < 0.01 compared with vehicle (HbF/HbA). 

Results represents 3 independent experiments (n=3). 
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Figure 12 . The effect of RSV on fetal and adult globin genes. KU812 cells were treated 

with vehicle (EtOH), RSV (SO llM) or HU (500 llM) and harvested after 72h. Total RNA 

was isolated and gene expression of y- and ~-globin was analyzed. GAPDH was used as 

the control gene. Data are expressed as the fold change over vehicle. *indicates P < 

0.001 compared with vehicle y/~. Results represents 3 independent experiments (n=3}. 
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To further characterize the ability of RSV to induce HbF production, we 

investigated the gene expression of y- and J3-globin rn response to treatment in KU812 

cells (Fig. 12) Consistent with the MFI observed by flow cytometry, we found that both 

RSV and HU stimulated a significant increase in the expressron of both y- and_J3-globin. 

However, the expression of y-globin was far greater than the increase that we observed 

with J3-globin. Group means of RSV and HU treated cells were compared to vehicle 

(ETOH) using one-way AN OVA followed by a Student-Newman-Keuls (SNK) post hoc test. 

RSV and HU both induced a greater than 2-fold increase in the y-/J3-globin ratio (vehicle, 

1.0 ±0.13; RSV (SO~M) 2.36 ± 0.37, HU (SOO~M) 2.50 ± 0.57). 

RSV suppression of KLFl and BCLllA rn KU812 cells 

The actrvrty of KLFl and BCLllA are critical to the silencing of HbF during 

development. To determrne whether RSV modulated these two key factors involved in 

the repression of HbF, we measured by western blottrng the relative levels of KLFl and 

BCLllA (Fig 13.) 

KU812 cells were incubated in the presence or absence of RSV and HU for 72h. 

At the end of the incubation period, the cells were harvested and whole cell lysates 

were prepared. Equal amounts of protein were subjected to gel electrophoresis and 

subsequently probed for the expression of KLFl and BCLllA using specific antibodies. 

Levels of a-actin were used as a loading control Group means of RSV and HU treated 

cells rn KU812 cells were compared to vehicle using one-way ANOVA followed by SNK 







Figure 13 . RSV suppresses KLFl and BClllA in KU812 cells. KU812 cells were treated 

with vehicle (EtOH), RSV (SO 11M) or HU (500 jlM) and harvested after 72h of incubation. 

Whole cell lysates were prepared and equal amounts of protein (40 jlg) were used for 

western blotting using specific KLFl and BCL11A antibodies. a -Actin was used as a 

loading control. Quantification of protein levels was measured using the Image J 

software (NIH). Data are expressed as the fold change over vehicle. *indicates P < 0.01 

compared with vehicle. Results represents 5 (KLFl) and 3 (BCL11A) independent 

experiments (n=3). 
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post hoc test. Western blot analysis revealed that the relative protem levels of KLFl and 

BCL11A were Significantly decreased with treatment of RSV and HU (KLFl: vehicle, 1.0 ± 

0.03, RSV, 0.29 ± 0.05; HU, 0.68 ± 0.06; BCL11A-XL: vehicle, 1.0 ± 0.13; RSV, 0.33 ± 0.04; 

HU, 0. 71 ± 0.55). This finding is, to our knowledge, the first to illustrate that RSV acts as 

a potent suppressor of the HbF silencers, KLFl and BCL11A, in vitro. These results are 

consistent with the observed augmentation in HbF production. 

KLFl overexpression and HbF production 

To ascertain a direct role of KLFl in RSV mduced HbF production, enforced 

expression studies were performed in KU812 cells. These studies allowed us to examine 

whether KLFl suppression was required for RSV mediated HbF production. KU812 cells 

were transfected with a constitutively active wildtype KLFl (pCMV-KLFl-WT) and 

mutant (pCMV-KLFl E325K) plasmid constructs. The E325K mutat1on in the dominant

negative KLFl construct prevents DNA binding. An empty construct with a constitutively 

active CMV promoter was used as a control (pCMV EV). These constructs were a kind 

gift from our collaborator, Dr Betty Pace, and were originally obtained from the 

laboratory of Dr. Lionel Arnaud. 

We f1rst characterized the period of transient expression of the wild-type KLFl 

plasmid in KU812 cells and determmed 1ts effect on the HbF/HbA MFI ratio by flow 

cytometry (Fig. 14). KU812 cells were transfected with 5~-tg of wild-type KLFl eDNA using 

an Amaxa 4D Nucleofector kit and protem levels were measured over a period of 120h 

by western blotting (Fig. 14A). A greater than 3- fold mcrease in protein levels of 





Figure 14. Optimization of KLFl expression construct . KU812 cells were transfected 

with pCMV-KLFl-WT (5 ~J,g) or mock and KLFl protein levels and its effect on HbF/HbA 

ratio were monitored over time. A) Cells at each indicated time interval were collected 

and whole cell lysates were prepared. Western blot was performed using 40 IJ.g of 

protein on a 4-15% gel. KLFl expression was detected using a specific antibody and a

actin was used as a loading control. B) Cells at indicated time points were fixed and 

stained for flow cytometry using monoclonal antibodies for human HbF and HbA. The 

mean fluorescent intensity (MFI) of HbF and HbA were measured. Data shown are 

expressed as fold change over vehicle. Results represents one experiment, n=l for 

Western blot and flow cytometry. 
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KLF1 was observed within 24h. The protein levels gradually declined over 72h and 

returned to baselme by 96h. The increase m KLF1 protein levels was accompanied by a 

significant decline in the HbF/HbA ratio below baseline, which is consistent with its 

known funct1on as an indirect HbF silencer (Fig. 14B). 

To confirm that suppression of KLF1 is requ1red for RSV-induced HbF, KU812 cells 

were first transfected with the expression constructs, wildtype KLF1 (pCMV-KLF1-WT), 

mutant KLF1 (pCMV-KLF1 E325K) and an empty vector (pCMV-EV) control. 12h post 

transfection, cells were co-incubated with RSV (50 ~-tM) or vehicle (EtOH) (Fig. 15). Group 

HbF/HbA ratio fold changes were averaged from three independent experiments and 

compared using one-way ANOVA followed by SNK post hoc test. In the empty vector 

control group, RSV maintained its ability to induce HbF (pCMV EV + vehicle, 1.0 ± 0.01; 

pCMV-EV + RSV, 1.67 ± 0.12); similar results were obtained m KU812 cells that had been 

transiently transfected with the dominant-negative KLF1 construct (pCMV-KLF1-E325K + 

vehicle, 1.0 ± 0.01; pCMV-KLF1-E325K + RSV, 2.11 + 0.22). However, expression of 

wildtype KLF1 completely abrogated RSV-mediated HbF induction (pCMV-KLF1-WT + 

vehicle, 0.98 ± 0.01; pCMV-KLF1-WT + RSV, 1.10 ± 0.04). Interestingly, in KU812 cells 

expressing mutant KLFl and treated with RSV, we observed a statistically significant 

increase in the HbF/HbA compared to RSV m the control group (P< 0.01). 

The results from these stud1es suggest that the observed decline m KLFl protein 

levels during the treatment penod with resveratrol is necessary to achieve a rise in HbF 





Figure 15. KlFl inhibition is required for RSV-induced HbF production. KU812 cells 

were transiently transfected with 5 IJg of pCMV-EV, pCMV-KLFl-WT or pCMV-KLF1-

E325K. Twelve hours later, cells were treated with vehicle (V) or RSV (R). After 72h of 

incubation, cells were harvested and stained for HbF and HbA. Hb (MFI) levels were 

determined by flow cytometry. Data are expressed as the fold change over vehicle. 

Results represent three independent experiments. *, s, 11 P<0.01 compared R-F/A in 

EV,WT and E325K (n=3). 



64 

3.0 
- V-A 

Q) 
2.5 C) 

c 
ro 

.r:::. 
() 

2.0 "0 

-V-F 
C=:l V-F/A 

# 62SZS2l R-A 

D: c::::J R-F 
C=:l R-F/A 

* 0 
LL tL 
........ 1.5 LL 

t-
t-

~ - $ 
(f) 

Q) 1.0 
> 

r. 

Q) 
_J 

.0 0.5 I 
r-
t-
r-

0.0 r-

Figure 15 



65 

levels. To our knowledge, the mechanism by which RSV modulates KLF1 expression in 

erythroid progenitor cells is unknown. 

RSV effects on KLF1 gene expression 

To determine whether the suppression of KLF1 protein levels by RSV was 

secondary to gene inhibition, we performed q-RT-PCR to analyze the expression of KLF1 

mRNA in KU812 cells. Cells were treated with RSV (50~-tM) or vehicle (EtOH) and 

harvested at the indicated time points (Fig. 16). 12h after treatment, we observed a 

moderate but significant decrease in KLF1 mRNA (vehicle, 1.0 ± 0.09; RSV, 0.63 ± 0.16, 

P< 0.05). The trend continued through 24h where RSV induced an approximate 2-fold 

inh1b1t1on of KLF1 mRNA expression (vehicle, 1.0 ± 0 02; RSV, 0.55 ± 0.05, P< 0.05). At 

36h and 48h we saw no statistical difference m KLF1 mRNA express1on between vehicle 

and RSV; by 60h of incubation, RSV had actually mduced KLF1 mRNA expression (vehicle, 

1.0 ± 0.03; RSV, 2.92 ± 0.14, p<0.001), indicating a dramatic sw1tch from gene inhibition 

to gene induction. At 72h, we observed an approximate 12-fold RSV-mediated induction 

of KLF1 gene expression over vehicle (vehicle, 1.0 ± 0.03; RSV, 16.58 ± 3.12, p<0.001). 

These results suggest that inhibition of KLF1 gene expression by RSV is only 

temporary; the dramat1c 1ncrease in KFL1 mRNA levels toward the end of the treatment 

period with RSV effectively rules out a transcriptional mechanism for the observed 

decline of KFLl protein levels. Whether the sp1ke in KLF1 gene expression is 

compensatory in response to the low intracellular KLF1 protein levels is speculative. 





Figure 16. The effect of RSV on KLF1 gene expression. KU812 cells were treated with 

vehicle (EtOH) or RSV (SO ~-tM) over the course of 72h. Total RNA was isolated and the 

gene expression of KLF1 was analyzed. GAPDH was used as the control gene. Data are 

expressed as the fold change over vehicle. Results represent three independent 

experiments * P<O.OS compared with vehicle control; # P<O.OOl compared to all groups 

(n=3). 
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Proteasome inhibition and KLF1 degradation 

The previous studies strongly indicated that RSV modulates KLF1 protein levels at 

a post-transcriptional level. KLF1 protem has previously been reported to be degraded 

through the 265 proteasome pathway [128]. Inhibition of the proteasome with a small 

molecule inhibitor, MG132, caused KLF1 protem levels to stabilize in the presence of a 

translational inhibitor such as cycloheximide. To ascertain whether treatment with RSV 

causes an increased turnover of KLF1 through the 265 proteasomal pathway, we 

simultaneously treated KU812 cells with MG132 (10 llM) and RSV (SO llM). Following 24 

h of incubation, we found that KLF1 protein levels had failed to decline in response to 

RSV (Fig. 17). These results strongly suggest that RSV modulated KLFl protein levels by 

activating proteasomal degradation. 

RSV and the SIRT1 act1vat1on pathway 

Smce 1ts d1scovery as a bioactive compound, RSV has been reported to 

have beneficial effects in a myriad of disease models. Noteworthy examples include age

related changes and metabolic diseases such as those caused by a high-fat diet. 

[116,129]. Studies into the molecular mechanism of RSV Identified silent mating type 

information regulation 2 homolog (S1rtuin 1 or SIRTl) as a potential molecular target 

[110]. Much attention has since focused on the SIRTl deacetylase as a possible target 

for anti-aging drugs Considerable controversy as to whether RSV acts as a direct 

regulator of SIRT1 was created by results that tested the compound in assays of SIRTl 

act1v1ty [108]. 







Figure 17. Proteasomal inhibition rescues RSV-dependent suppression of KlFl. KU812 

cells were cultured in the presence or absence of the proteasome inhibitor, MG132 (20 

~M), with or without RSV (SO ~M). At 24 h, cells were harvested and whole cell lysates 

were prepared. Equal amounts of protein (40 ~g) were used for western blotting using a 

specific KLFl antibody. a-Actin was used as a loading control. Quantification of protein 

levels was measured using the Image J software (NIH). Data are expressed as the fold 

change over vehicle. Results represent three independent experiments * P<O.OS 

compared with vehicle control (n=3). 
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Further exploration of this question in a recent study by Hubbard et a/. revealed that 

sirtuin-activating compounds (STACs), including RSV, interact with a critical amino acid 

residue in SIRT1 by an allosteric mechanism. Mouse myobloasts reconstituted with 

SIRT1 with an E222K mutation lost their responsiveness to STACs [130]. This study 

convincingly established RSV as a direct SIRT1 activator. 

At the cellular level, SIRT1 controls DNA repair and apoptosis, circadian clocks, 

inflammatory pathways, insulin secretion and mitochondrial biogenesis (131,132]; 

however, its role in the induction of HbF in erythroid progenitors has not been explored. 

We therefore wondered whether SIRT1 activity was required for RSV-mediated HbF 

induction (Fig. 18). KU812 cells were treated with increasing concentrations of a 

selective SIRT inhibitor, EX-527 (Tocris Bioscience, Minneapolis, MN) with or without 

RSV (SO~M). At the end of the treatment period, cells were collected and flow 

cytometric analysis of hemoglobin levels was performed. The results of these 

experiments revealed that inhibition of SIRT1 activity by a selective SIRTl inhibitor does 

not interfere with the HbF-inducing mechanism of RSV. 

RSV and the POE inhibition pathway 

The clearance of ubiquitinated proteins through proteasomes is an integral part 

of maintaining cellular hemostasis. Proteasome impairment and accumulation of 

ubiquitinated proteins can have profound effects on cell cycle control, response to 

cellular stress and have been implicated in numerous degenerative disorders. 







Figure 18. RSV induces HbF independent of SIRT activation in KU812 cells. KU812 cells 

were treated with an increasing dose of SIRT1 selective inhibitor, EX-527 (Ex-1, 20, 40 

~M) and in combination with 50 ~M of RSV (REX-1,20,40 ~M). Quantification of HbF 

production was determined by flow cytometry using monoclonal antibody anti-human 

y- and ~-globin antibodies (HbF and HbA, respectively) to measure mean fluorescent 

intensity. Data are expressed as the fold change over vehicle. *indicates P < 0.01 

compared with vehicle. Results represent three independent experiments (n=3). 
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Research into the proteasomal pathway, in particular the 265 proteasome, has 

yielded important clues regarding their regulation. One Important mode of increasing 

the activity of the 265 proteasome is through cAMP signaling [133]. This study showed 

that an elevated cAMP level was sufficient to induce the assembly of the 265 

proteasome components and subsequently its activity. 

The cAMP signaling pathway attracted our interest given that RSV has recently 

been documented to be a phosphodiesterase (POE) inhibitor [101]. The POE family of 

enzymes functions by breaking phosphodiester bonds. One of the major effects of 

inhibiting PDEs is the retention of an increase in the levels of cAMP due to the enzyme's 

inability to convert cAMP to 5'-AMP. Elevation of cAMP has a wide range of outcomes 

depending on the effector molecules activated by cAMP and the cell type, among other 

variables. cAMP is a key mediator of metabolic regulation and the discovery that RSV 

targets PDEs may help explain how RSV mimics some aspects of caloric restriction. We 

hypothesized that RSV, a POE inhibitor, is capable of increasing cAMP levels in erythroid 

cells. 

KU812 cells were treated with vehicle (EtOH) and RSV (50~M) for 24h. As a 

positive control, the adenylate cyclase activator, Forskolin (FSK) (20~M), was used to 

treat cells for 15 min prior to performing the cAMP assay (R&D Systems). Our results 

confirmed that RSV upregulates cAMP levels approximately 3-fold compared to vehicle 

(vehicle, 1.0 ± 0.03; RSV, 2.9 ± 0.18; FSK, 6.2 ± 0.52). 





Figure 19 . RSV causes cAMP elevation in KU812 cells. KU812 cells were treated with 

vehicle (EtOH), or RSV (50 ~M) for 24h. As a positive control, KU812 cells were also 

treated with forskolin (FSK, 20 ~M) for 15 min prior to performing the cAMP assay. 

Cellular cAMP levels were measured using a parameter cyclic AMP assay kit (R&D 

Systems) according to the manufacturer's instructions. Data are presented as cAMP 

levels (pg/ml) I total protein (mg). Results are expressed as the fold change over vehicle 

from three independent experiments. * P<O.Ol RSV vs Veh, ** P<O.OOl RSV vs FSK 

compared with vehicle (n=3). 
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In the cAMP-dependent signaling pathway, increased concentrations of cAMP 

may lead to the activation of ion channels, exchange proteins, transcription factors and 

enzymes. One of the major effects of elevated cAMP is the activation of a cAMP

dependent enzyme, protein kinase A (PKA). Once activated by cAMP, PKA functions by 

phosphorylating a number of other proteins including the subunits that compose the 

265 proteasome, rendering them active. 

We therefore hypothesized that inhibition of PKA activity would abrogate RSV

mediated decreases in KLF-1 protein levels. Using a selective PKA inhibitor, KU812 cells 

were treated with 22 JlM Rp-cAMP alone (Santa Cruz) or in the presence of RSV (50 11M) 

or FSK (20 11M). Consistent with our hypothesis that POE mhibition leads to increased 

PKA and 265 proteasome activation, we found that RSV- and FSK-mediated suppression 

of KLFl was abrogated following inhibition of PKA activity in KU812 cells (Fig. 20). 

The results from our mechanistic studies in KU812 cells suggest that RSV's HbF 

activity is, at least in part, mediated through inhibition of the phosphodiesterase 

pathway and not through activation of the SIRTl enzyme. Our data show that inhibition 

of phosphodiesterase activity in KU812 cells results in several downstream effects: (i) 

elevation of intracellular levels of cAMP, (ii) cAMP-mediated activation of PKA and likely 

the activation of the 265 proteasome, (iii) proteasomal destruction of KLFl protein, (iv) 

secondary down-regulation of BCLllA and (v) de-repression of they-globin genes. 





Figure 20. Protein Kinase A (PKA} inhibition rescues RSV-dependent suppression of 

KLFl. KU812 cells were cultured in the presence or absence of the PKA inhibitor, Rp

cAMP (221-.lM 11ML with or without RSV (SO 11M). At 24 h, cells were harvested and whole 

cell lysates were prepared. Equal amounts of protein (40 11g) were used for western 

blotting using a specific KLFl antibody. a-Actin was used as a loading control. 

Quantification of protein levels was measured using the Image J software (NIH). Data 

are expressed as the fold change over vehicle. Results represent three independent 

experiments* P<O.OS compared with vehicle control (n=3). 
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Resveratrol mechanism of action in primary cells 

We next Investigated the ability and mechanism of HbF induction by resveratrol 

(RSV) 1n a more phys1olog1cally relevant system using human primary erythroid cells. 

Peripheral blood mononuclear cells were grown in a one-phase liquid culture system, in 

which erythroid progenitors were induced by erythropo1etm (EPO) and stem cell factor 

(SCF) to undergo maturation. Over the course of 14 days, we monitored the expression 

of the erythroid markers, CD71 (transferrin receptor) and CD235a (glycophorin A) to 

characterize our cell culture system. Our results indicate a time-dependent increase in 

the surface express1on of both markers, which is consistent with a gradual 

differentiation of cells toward the erythroid lineage (Fig. 21). 

We next examined the HbF-inducing ab1llty of RSV in human primary erythroid 

progenitors using cells derived from an adult md1v1dual with sickle cell trait (SCT). Using 

optimized cell culture conditions, isolated penpheral mononuclear cells were cultured in 

IMDM media containing 30% FBS, EPO (4U/ml), SCF (SOng/ml) and 1 % P-5. After 11 

days of expansion and differentiation, cells were replated at a concentration of 1X106 

cells/ml and treated with the indicated concentrations of RSV and HU. Using trypan

blue exclusion, we measured the v1ab1l1ty of cells following treatment (Fig. 22). At the 

highest doses tested, the percentage of viable cells was similar for RSV (SOllM) and HU 

(SOllM) and only moderately reduced compared to vehicle (vehicle, 82 6 ± 7.09 %; RSV, 

70.83 ± 7.13 %, HU, 75.02 ± 9.9 %) 





Figure 21. Culture of human primary erythroid progenitor cells. Human peripheral 

blood mononuclear cells were isolated using Ficoll Paque. Isolated cells were grown in a 

liqu1d culture containing IMDM, EPO (4 U/mLL SCF (SO ng/ml) and 30 % FBS. At 

indicated time points, A) cytospin cells preparations were made and stained with 

Wrights-Giemsa to illustrate differentiation of erythroid progenitor cells B) cells were 

stained with monoclonal antibodies for CD235A and CD71 and expression was 

determined by flow cytometry. Data presented are representative of 3 independent 

experiments .. 
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Figure 22. Human primary erythroid cell viability in response to RSV and HU. Human 

primary erythroid cells were initiated using our one-phase culture system. At day 11 

cells were harvested and re-plated at 1X106 cells/ml and incubated with indicated 

compounds. At day 14, cells were collected and viability was determined by trypan blue 

exclusion assay (BioWhittaker) following manufacturer's instruction Results represents 3 

independent experiments (n=3). There were not statistical differences between the 

groups. 
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In a dose-dependent manner, RSV and HU mduced fetal, and to a lesser degree, 

adult hemoglobin expression (Fig. 23A). At their highest dose (SO!lM), RSV induced an 

approximately 4-fold increase over vehicle in the HbF/HbA ratro compared to a near 3-

fold inductron with HU (vehicle, 1.0±0.02; RSV, 4.2±0.59; HU, 2.70±0.16). Concurrently, 

we also observed a dose-dependent increase rn the percent F cells (HbF-containing 

cells) as measured by flow cytometry; RSV and HU increased the F-cell percentage to 

approximately 40%, a near 3-fold induction compared to vehicle (Fig. 238). 

To determine whether suppression of KLFl and BCLllA occurred in primary 

erythroid cells, we performed western blotting for the protein levels of the two HbF 

switching factors (Fig. 24). At the end of the 72h treatment period, whole cell lysates 

were prepared and equal amounts of protein were used to perform western blotting. In 

agreement with our earlier results in KU812 cells, RSV caused a signrficant decrease in 

KLFl and BCLllA protein levels. Interestingly, the level of KLFl and BCLllA suppression 

observed with HU was more pronounced in human primary erythroid progenitors than 

in the KU812 cell line. In primary erythroid progenitors, RSV- and HU-mediated 

suppressron of KLFl and BCLllA were comparable. 





Figure 23. RSV induces HbF production in human primary erythroid cells. Human 

primary erythroid cells were initiated using our one-phase culture system. At day 11 

cells were harvested and re-plated at 1X106 cells/ml and incubated with indicated 

compounds. At day 14, cells were collected and stained for the expression glycophorin A 

(CD23SA) to identify the erythroid population. Quantification of HbF production was 

determined by flow cytometry using monoclonal antibody anti-human y- and ~-globin 

antibodies (HbF and HbA, respectively) to measure mean fluorescent intensity (MFI). A) 

The effects of RSV and HU on the HbF/HbA (MFi) in human primary erythroid cells. B) 

Comparison of the effects of RSV and HU on the F-cell (cells containing HbF) population. 

Data are expressed as the fold change over vehicle. *indicates P < 0.01 compared with 

vehicle (HbF/HbA). Results represents 3 independent experiments (n=3). 
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Figure 24. RSV suppresses KLFl and BClllA in primary cells. Human primary erythroid 

cells were initiated using our one-phase culture system. At day 11 cells were harvested 

and re-plated at 1X106 cells/ml and incubated with indicated compounds. At day 14, 

cells were collected and whole cell lysates were prepared and equal amounts of protein 

(40 1-lg) were used for western blotting using specific KLF1 and BCL11A antibodies. a

Actin was used as a loading control. Quantification of protein levels was measured using 

the Image J software (NIH). Data are expressed as the fold change over vehicle. 

*indicates P < 0.01 compared with vehicle. Results represents 1 independent 

experiments (n=3). 
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The results from our mechanistic studies in human primary erythroid cells support our 

earlier finding in KU812 cells. Our data suggest that RSV's HbF act1vity is, at least in part, 

mediated through regulation of the expression levels of the transcription factors KLFl 

and BCLllA. Taken together, our combined results from studies in erythroleukemia and 

primary erythroid cells indicate that RSV stimulates HbF production by the following 

mechanism of action: (i) Elevation of intracellular levels of cAMP through inhibition of 

PDE4, (ii) cAMP-mediated activation of PKA and activation of the 265 proteasome, (iii) 

proteasomal destruction of KLFl protein, (iv) secondary down regulation of BCLllA and 

(v) de-repression of they-globin genes. These findmgs are dep1cted in a proposed model 

of drug action in Figure 25. 





Figure 25. Proposed mechanism of RSV: Resveratrol inhibits POE activity and induces 

cAMP signaling via PKA, which phosphorylates components of the 265 proteasome, 

resulting in the degradation of KLFl protein and secondary down-regulation of BCLllA. 

This ultimately leads to the de-repression of the y-globm gene and an increase in HbF 

levels. 
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AIM 2: To investigate RSV's HbF activity in a precl inical mouse model of SCD. 

Primary mouse erythroid progenitors 

The ability of resveratrol (RSV) to induce HbF production in an erythroleukemia 

cell line (KU812) and human primary erythroid cells merited an investigation of the 

compound in the in vivo setting. Prior to testing the compound in a mouse model of 

sickle cell disease (SCD), we sought to determine whether the compound maintained its 

activity ex vivo using primary erythroid cells from this model. Several variables in the 

transgene construct (e.g., it only encodes for one y-gene) and the unknown integration 

site in the mouse genome could have potentially affected the response to RSV. 

To address this question, total bone marrow cells were collected from tibias and 

femurs of 8-12 week old homozygous sickle mice. Mononuclear cells were isolated and 

then expanded for 72h. Following expansion, the cells were then differentiated with or 

without RSV. Cells were then stained using specific antibody for the erythroid marker 

Ter119 to identify the erythroid population by flow cytometry. Fetal to adult 

hemoglobin mean fluorescence intensity was measured (Fig. 26). We observed a two

fold increase in the HbF/HbA ratio in the RSV treated group. This result is comparable to 

the results we had previously observed in KU812 and primary human erythroid 

progenitors (vehicle, 1.0 ± 0.01; RSV, 2.19 ± 0.22; HU, 1.64 ± 0.20). 





Figure 26. Resveratrol augments fetal hemoglobin production ex vivo. Bone marrow 

cells from homozygous sickle cell mice were cultured and differentiated towards the 

erythroid lineage in the presence of vehicle (EtOH), RSV (SOj..tM) and HU (100~-tM). At 

the end of the incubation period, cells were collected and stained for the expression of 

Ter119 to identify the erythroid population. Quantification of HbF production was 

determined by flow cytometry using monoclonal antibody anti-human y- and ~-globin 

antibodies (HbF and HbA, respectively) to measure mean fluorescent intensity (MFI). 

Data are expressed as the fold change over vehicle; *indicates P < 0.01 compared with 

vehicle and HU (HbF/HbA). # indicates P<O.OS compared with vehicle and RSV 

(HbF/HbA). Results represent three replicates per experiment (N=3). 
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Oral Administration Study 

To ascertain whether the observed in vitro effects translate to the in vivo setting, 

we first decided to orally administer resveratrol (RSV) by gavage. Homozygous sickle 

mice from our in-house colony were treated with two different doses of RSV (25 and 

250~g/gm/bw) daily. Control animals received saline (10~L/gm/bw). The general health 

of the mice was assessed by monitoring their total body weight and cumulative weight 

gain (average weight gain over 8 weeks; vehicle, 3.66± 0.76g; RSV-LD, 5.37 ± 0.36g; RSV

HD, 4.02 ± 0.37g) (Fig. 27A and B). 

These measurements revealed that the general health of the experimental mice 

was comparable to control mice. We also did not notice any overt behavioral changes. 

The drug appeared to be well tolerated and no adverse effects were observed. HbF 

levels were measured from mouse hemolysates by analytical HPLC (Hemoglobin F 

percent: vehicle, 7.79 ± 0.85%; RSV-LD, 6.05 ± 1.32%; RSV-HD, 8.43 ± 0.38%) (Fig. 28). 

The results from this assay indicated a lack of HbF-inducing activity in vivo by RSV. 

Because it is known that RSV is rapidly metabolized, the inability of RSV to induce HbF 

levels in vivo could be due to its low bioavailability. 

We further investigated the effect of RSV on percent F-cells and F-retics (HbF

containing reticulocytes) by flow cytometry. We found no difference in the treatment 

groups for either cell type (F-cells: vehicle, 46.4 ± 2.28%; RSV-LD, 43.72 ± 10.98%; RSV

HD, 51.82 ± 4.72%; F-retics: vehicle, 16.7 ± 2.34%; RSV-LD, 22.87 ± 9.99%; RSV-HD, 15.6 

± 1.50%) (Fig. 29A and B). 





Figure 27. General health of mice as indicated by weight gain (gavage treatment). A) 

The total body weight of each mouse was monitored weekly for 8 weeks. B) We 

measured the cumulative weight gained by each mouse over time and found that there 

were no statistical differences observed between the control and treated mice. 
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Figure 28. Resveratrol does not augment HbF production in transgenic sickle mice 

(gavage treatment). Homozygous sickle cell mice were t reated with vehicle, RSV-LD 

(251lg/g/bw) or RSV-HD (250j...lg/g/bw) for eight weeks by gavage and sacrificed for 

analysis. HbF protein levels as a percentage of total hemoglobin were determined by 

HPLC at the end of t he study. No statistical differences were observed. 
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The rate of erythropoiesis is increased in our SCD mouse model, as evidenced by a 

sharply elevated reticulocyte count. We investigated whether RSV had any effect on the 

number of reticulocytes in peripheral blood and found that no significant changes 

occurred following treatment (vehicle, 33.6 ± 3.93%; RSV-LD, 33.77 ± 3.28%; RSV-HD, 

33.72 ± 1.57%) (Fig. 29C). 

Accumulating evidence indicates that oxidative stress is a potential trigger of red 

blood cell lysis [134]. RSV has been shown to act and is marketed as an antioxidant. We 

therefore wondered whether RSV had any effect on the rate of hemolysis in our mouse 

model of SCD. We measured plasma free hemoglobin and found no difference (vehicle, 

60.55 ± 7.9mg/dl; RSV-LD, 70.54 ± 2.4mg/dl; RSV-HD, 57.39 ± 8.6mg/dl) (Fig. 30). 

Adhesion of lymphocytes, monocytes, eosinophils and basophils as well as 

sickled RBCs to the vascular endothelium in response to inflammation is mediated by 

vascular cell adhesion protein 1 (VCAM-1). VCAM-1 levels are elevated in both human 

and mice SCD, so we wondered whether RSV treatment would mitigate inflammatory 

signal transduction through VCAM-1 modulation. To our surprise, we found no 

modulation of VCAM-1 levels following treatment with RSV (vehicle, 

1774.2±145.1ng/ml; RSV-LD, 1617.6 ± 95.1ng/ml; RSV-HD, 1729.7 ± 150.8ng/ml) (Fig. 

31A). 





Figure 29. Resveratrol does not alter HbF distribution or rate of erythropoiesis in 

transgenic sickle mice (gavage treatment). Homozygous sickle cell mice were treated 

with vehicle, RSV-LD (251lg/g/bw) or RSV-HD (2501.lg/g/bw) for eight weeks by gavage 

and were sacrificed for analysis. A) Percent F-cells (HbF-containing RBCs); B) F-retics 

(HbF-containing reticulocytes); and C) reticulocytes were determined by flow cytometry. 

No statistical differences were observed. 
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Figure 30. Resveratrol does not change the rate of hemolysis (gavage treatment). 

Homozygous sickle cell mice were treated with vehicle, RSV-LD (25~-tg/g/bw) or RSV-H D 

(250~-tg/g/bw) for 8 weeks by gavage and were sacrificed for analysis. We measured 

plasma free hemoglobin QuantiChrom (BioAssay Systems) following manufacturer's 

instructions. No statistical differences were observed. 
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Endothelial-leukocyte adhesion molecule 1 (E-Selectin) and vascular cell VCAM-1 

adhesion molecules play an important role in inflammatory processes, especially in SCD. 

E-selectin and VCAM-1 are activated by secreted cytokines such as IL-l and TNF-a and 

assist in the recruitment of leukocytes to the site of injury. RSV has previously been 

reported to modulate the expression of the markers of adhesion, E-selectin, intercellular 

cell adhesion molecule-1 (ICAM-1) and VCAM-1 [135,136,137]. The ability of RSV to 

affect the expression of E-Selectin and VCAM-1 would signal a potential anti

inflammatory effect for this compound in SCD. We measured the levels of soluble E

Selectin and soluble VCAM-1 in the plasma of vehicle- and RSV-treated mice and found 

no statistical difference in VCAM-1 levels in all groups (vehicle, 1,774.23 ±145.lng/ml; 

RSV-LD, 1,617.66±95.lng/ml; RSV-HD, 1,729.75±150.8ng/ml). For E-selectin, there 

were no statistically significant differences between vehicle and RSV-HD (vehicle, 

40,059.6±2872.05pg/ml and RSV-HD, 47,621.5±4721.4pg/ml), however RSV-LD was 

significantly higher than vehicle (RSV-LD, 55,166±1296.7pg/ml; p<0.05) (Fig. 31B). 

Organ damage, which develops as a result of the pathophysiology of SCD, is 

extensive in our mouse model. The spleen becomes massively enlarged as it assumes 

the function of a major extramedullary hematopoietic organ (Fig. 32). The liver of the 

sickle cell mice is enlarged and congested and shows macroscopic evidence of 

progressive tissue infarcts (Fig. 32). We measured the spleen to body weight ratio of the 

treated and control mice and found that there were no statistical differences (vehicle, 

3.88±0.42%; RSV-LD, 4.55±0.31%; RSV-HD, 4.83±0.46%) (Fig. 33A). To our surprise, we 

found a statistically significant increase in the liver to body weight ratio of the RSV-LD 





Figure 31 . Resveratrol does not change levels of adhesion molecules (gavage 

treatment). Homozygous sickle cell mice were treated with vehicle/ RSV-LD (25J,.lg/g/bw) 

or RSV-HD (250J,.lg/g/bw) for eight weeks by gavage and sacrificed for analysis. We 

measured A) sVCAM; B) sE-selectin using ELISA kits (R& D Systems). No statistical 

differences were observed. 
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Figure 32. Gross analysis of mouse organs. Spleen and livers of age-matched WT /C57 

and homozygous sickle mice. The end-organ damage seen in our SCD mouse model is 

evidenced by enlargement of the spleen and liver accompanied by severe scarring, 

particularly in the liver. Normal mouse spleen and liver is illustrated with the WT/C57. 
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Figure 33. Resveratrol does not prevent end-organ damage in sickle mice (gavage 

treatment). Homozygous sickle cell mice were treated with vehicle, RSV-LD (251lg/g/bw) 

or RSV-HD (2501-.lg/g/bw) for eight weeks by gavage and sacrificed for analysis. We 

measured A) spleen to body weight ratio and B) liver to body weight ratio. In the spleen 

we found no statistical differences between the groups; however, in the liver we 

observed a significant increase in the mice treated with RSV-LD (p=0.02 vs vehicle). 
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treated mice (vehicle, 6.69±0.28%; RSV-LD, 9.7±0.62%; RSV-HD, 7.83±0.61 %; RSV-LD vs 

Vehicle, p=0.02) (Fig. 33B). The reason for thrs observation is unknown. 

We further examined the effects of RSV on organ damage by investigating 

histological sections of the spleen and liver of SCD mice (Fig. 34). Following 8 weeks of 

treatment, we observed no anatomical differences between control mice and mice 

treated with RSV. The histopathology of the sickle cell spleen and liver remained 

unchanged, consistent with the results observed at the whole organ level. We thus 

concluded that treatment with RSV-LD {251lg/g/bw) and RSV-HD (2501-lg/g/bw) did not 

modulate the hematological or inflammatory response to SCD and therefore had no 

measurable impact on the progressive organ damage seen in this model. 

Insights into the metabolism of RSV suggest that this compound is rapidly broken 

down in vivo into several major metabolites. The apparent discrepancy between the 

hematological results in our in vitro and in vivo studies in a preclinical sickle cell model 

may in fact be explained by the low bioavailability of this compound. Pharmacokinetic 

studies of resveratrol in human, rats and mice demonstrated that the compound is 

rapidly converted to glucuronide (resveratrol-3-0 -glucuronide) and sulfate (resveratrol-

3-sulfate) metabolites with virtually no parent compound being detectable following 

first pass metabolism. The studres also failed to detect any unconjugated resveratrol in 

either urine or serum samples [128,129]. In light of these data, we wondered whether a 

more sustained systemic exposure to RSV (in contrast to a one-time bolus dose by 

gavage) would result in a different outcome. 





Figure 34. Histological sections of mouse tissues (gavage treatment). lOX magnification 

of spleen and liver tissue sections of age-matched WT/C57 and homozygous sickle mice 

treated with vehicle, RSV-LD (25~-tg/g/bw) and RSV-HD (250~-tg/g/bw). The normal 

anatomical structure of murine spleen and liver as seen in the WT /C57 is disrupted in 

the sickle mouse model. Sickle mouse spleens are characterized by massive expansion of 

erythroid precursors, pooling of sickled erythrocytes in the sinusoids, vascular occlusion, 

and thrombosis. After 8 weeks of treatment with RSV, we did not observe any structural 

differences between the treated and control mice. The livers of sickle mice exhibit 

extensive periportal and subcapsular focal necrosis, extramedullary hematopoiesis, and 

numerous sickled erythrocytes in the intrahepatic vasculature and sinusoids. The 

histopathology of the livers of sickled mice was unchanged following 8 weeks of 

treatment with RSV. 
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Dietary Administration Study 

Based on this rationale, we applied a medicated diet to homozygous sickle cell 

mice using two different doses of RSV (10 and 1000mg/kg/day) as part of their daily 

chow. Control animals received chow diet without active drug. During the treatment 

period, the general health of the mice was assessed by monitoring their body weight 

weekly (Fig 35A and B). The amount of food consumed was also monitored (average 

food intake (g)/mouse/day over 8 weeks (control, 5.03±0.09g; RSV-LD, 3.95±0.16g; RSV

HD, 5.04±0.17g) (Fig. 3SC). These measurements revealed that the general health and 

behavior of the experimental mice were comparable to control mice. The drug appeared 

to be well tolerated and no adverse effects were observed. 

At the end of the treatment period, the mice were anesthetized with 

ketamine/xylazine and blood was collected by intracardiac puncture into vacutainer 

EDTA tubes. We measured HbF levels from mouse hemolysates by analytical HPLC. This 

assay revealed a lack of HbF-inducing activity by RSV (HbF percent: Control, 9.01±0.71%; 

RSV-LD, 7.48±0.346%; RSV-HD, 9.28±0.27%) (Fig. 36). 

To ascertain whether a feeding protocol of repeated daily intake of RSV 

modulated the aforementioned markers of adhesion, we measured the levels of soluble 

VCAM-1 and soluble E-selectin in plasma by ELISA. We found no significant differences 

among the groups (Control, 9.01±0.71%; RSV-LD, 7.48±0.346%; RSV-HD, 9.28±0.27%) 

(Fig. 37). 





Figure 35. General health as indicated by weight gain (diet treatment) . A) The total 

body weight of each mouse was monitored weekly for 8 weeks. B) We measured the 

cumulative weight gained by each mouse throughout the experimental period weekly 

and found that no difference occurred between the control and treated mice. C) Lastly, 

we measured the amount of food consumed/mouse/day to ascertain whether the drug 

had any effect on the eating habits of the mouse. No statistical differences were 

observed. 
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Figure 36. Resveratrol does not augment HbF production in SCD mice (diet treatment). 

Homozygous sickle cell mice were treated with vehicle, RSV-LD (lOmg/kg/bw) or RSV-HD 

(lOOOmg/kg/bw) for eight weeks through diet ad libitum. HbF protein levels as a 

percentage of total hemoglobin were determined by HPLC at the end of the study. No 

statistical differences were observed. 
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Figure 37. Resveratrol does not change levels of adhesion molecules (Diet). A) sVCAM 

and B) sE-selectin levels were measured from the plasma of homozygous sickle cell mice. 

Mice on medicated chow RSV-LD (100~-tg/g/day) or RSV-HD (1000~-tg/g/day) were 

compared to control mice consuming normal chow for 8 weeks. No statistical 

differences were observed. 
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We further investigated whether this drug delivery approach had any beneficial 

effect on end-organ damage. We measured the spleen to body weight of the treated 

and control mice and found no statistical differences (Fig. 38). Gross analysis of the liver 

revealed hepatomegaly with severe scarring secondary to t1ssue infarcts. Here we also 

failed to observe any differences between the treatment and control groups (Fig. 38). 

The activity of resveratrol metabolites 

To confirm our hypothesis that the lack of HbF activity in vivo is due to the low 

bioavailability of the parent compound, we investigated the HbF-inducing properties of 

RSV's major metabolites in our established in vitro assays. We treated K562 cells with 

equal concentrations of RSV, resveratroi-3-0-Sulfate (R-Sul), resveratrol-3-0-

glucuronlde (R30G) and resveratrol-40-glucuronide (R40G). Following 72h of 

incubat1on, cells were harvested and western blots were performed to measure HbF 

protein levels. Interestingly, we found that none of the major metabolites of RSV 

possessed any HbF-inducing bioactivity; additionally, the major glucuronide metabolites 

suppressed HbF below baseline levels (HbF protein levels: vehicle, 1.00±0.09; R-Sul, 

1.01±0.04; R30G, 0.47±0.12, R40G, 0.18±0.17, RSV, 2.50±0.19) (Fig. 39). Results 

represent fold change compared to vehicle. Error bars in this experiment represent S.D. 

(N=1 in triplicates). These results support our assumption that RSV's ability to modulate 

HbF in vivo is due to its low bioavailab11ity. 





Figure 38. Resveratrol does not prevent end-organ damage in sickle mice (diet 

treatment). Homozygous sickle cell mice on medicated diet, RSV-LD (100jlg/g/day) or 

RSV-HD (1000jlg/g/day) were sacrificed after eight weeks. Organs were collected and 

percent organ to body weight was compared to sickle mice on normal chow. A) Spleen 

to body weight percentage ratio; and B) liver to body weight ratio. We found no 

statistical differences in any of the organs analyzed. 
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Figure 39. Resveratrol metabolites lack HbF-inducing ability. K562 cells were treated 

with SOuM of RSV and its metabolites (resveratrol-sulfate, R-Sul; resveratrol-3-0-

glucuronide, R30G; and resveratrol-4-0-glucuronide, R40G) for 72h. Following 

treatment whole cell lysates was prepared for western blotting for fetal hemoglobin 

(HbF) and a-Actin was performed. Data are expressed as the fold change over vehicle. 

Results represent three replicates per experiment (N=l). Error bars represent± standard 

deviation (S.D.);* P<O.OOl compared with vehicle. 



103 

3.0 * 

2.5 

Q) 
Cl 
c 
co 
~ 2.0 u 
"0 
0 
u. * 
c 1.5 u * ~ 
Qj 
> 
Q) 
_J 1.0 
u. 
.D 
:r: 

0.5 

0.0 

Veh R-Sul R30G R40G RSV 

HbF 15 kO 

Actin 43 kO 

Figure 39 



DISCUSSION 

The purpose of this dissertation was to analyze the mechanism of resveratrol 

(RSV} in fetal hemoglobin (HbF} production and its ability to modify the progression of 

sickle cell disease in a preclinical mouse model. I hypothesized that the mechanism of 

RSV-induced HbF production was mediated through suppression of KLFl and BCLllA, 

two signaling molecules involved in the silencing of the duplicated y-globin genes. 

Furthermore, I hypothesized that RSV was capable of inducing HbF in vivo and mitigating 

the complications of SCD in a mouse model. To address these hypotheses, two aims 

were developed. 

Aiml: To determine whether RSV regulates the activity of the hemoglobin 

switching factors KLFl and BCLllA. 

lA: Determine the ability of RSV to induce HbF production and modulate 

KLFl and BCLllA in vitro. 

lB: Determine whether RSV-mediated HbF induction is neutralized by 

overexpressing KLFl. 

lC: Determine whether POE mhibition by RSV leads to KLFl suppression. 

104 
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Aim 2: To investigate resveratrol's HbF activity m a preclinical mouse model of SCD. 

2A: Determine the ability of RSV to induce HbF ex-vivo in mouse primary 

erythroid progenitors. 

28: Determine whether resveratrol is capable of HbF induction in a mouse 

model of SCD. 

2C: Determine whether resveratrol is capable of modulating the 

pathophysiology of SCD in a mouse model. 

lA: Determine the ability of RSV to induce HbF production and modulate KLFl and 

BClllA in vitro. 

Htstorically, the pharmacologtcal activtty of HbF drugs has been explained in 

broad conceptual terms, invoking effects on the local chromatin structure and the 

kinetics of erythroid differentiation. Prominent examples of epigenetically acting HbF 

inducers include the classes of DNA methyltransferase (DNMT) [138,139,140,141] and 

histone deacetylase (HDAC) [142,143] inhibitors, including short-chain fatty acids 

(SCFAs) (144,145]. Cytostatic drugs, such as hydroxyurea, presumably induce HbF by 

"slowing" the process of erythroid differentiation and creatmg a pool of more immature 

erythroid progenitors, a milieu that favors HbF production [120,146,147]. Although 

these broader mechanistic views have served an important role as early models of drug 

acttvity and spurred insightful research, they lack molecular detail and the ability to 

contribute to the development of the "next generation" of HbF inducers. 
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In the past decade, several groups have begun to examine the effects of HbF

inducing agents on specific signaling molecules and signal transduction pathways. Cyclic 

guanosine monophosphate (cGMP) (148,149] and cyclic adenosine monophosphate 

(cAMP) (148,150], nitric oxide (NO) [151], p38 MAPK [152,153], reactive oxygen species 

(ROS) [154] and cytokine signaling [155,156] have all been implicated in drug-induced 

HbF production. More recently, specific factors and signaling events that regulate the 

fetal-to-adult hemoglobin switch have become the focus of intense research [157]. 

Several groups pursued targeted and genome-wide association studies (GWAS) in an 

attempt to understand the common variation in HbF levels in the human population 

[158,159,160,161). These studies resulted in the identification of three genomic loci 

harboring common variants that influenced HbF levels. These included a region within 

the BCLllA gene, an intergenic reg1on between the genes HBSlL and MYB on 

chromosome 6, and variants within the ~-globin locus (XMNT region, specifically) on 

chromosome 11. Subsequently, a series of complementary studies which included siRNA 

and shRNA knockdown approaches and targeted deletions in mice, have identified the 

zinc finger protein BCLllA as a preeminent transcriptional repressor of y-globin 

expression [65,66,67]. Following the initial mvestigation of BCL11A, two studies 

demonstrated that the expression of BCLllA appears to be controlled by erythroid 

specific transcription factor KLFl (64,68]. 

The cytostatic properties and HbF-inducing activity of resveratrol (RSV) that we 

observed in our init1al studies could easily have been ascribed to the delay of erythroid 

progenitor differentiation. However, we wondered whether RSV had the ability to 
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specifically target the molecular components of the KLF1-BCL11A pathway. 

Experimentally, we decided to take an incremental approach, where we first studied 

RSV in a convenient cell line and later in primary erythroid progenitors and a humanized 

mouse model of SCD. 

A variety of experimental systems have been used to study HbF induction and to 

identify new inducing agents. These have included immortalized cell lines, genetically 

manipulated mice, primary cell cultures and in vivo nonhuman primate and human 

studies [139,144,162]. Each approach has produced insights into normal and induced 

globin gene regulation. Awareness of the strengths and limitations of each system is 

essential to conduct a critical evaluation of novel HbF-inducing compounds. An ideal 

experimental system would combine ease of handling, low cost, replication of the globin 

switching program of adult primary erythroid cells, expression of both HbF and HbA, and 

prediction of the in vivo response of the experimental compounds in humans. Such a 

system does not exist. 

In the case of K562 cells, the most commonly used immortalized cell line, the 

program of erythroid genes is similar to the fetal stage of development; fetal 

hemoglobin expression levels are high and adult hemoglobin is absent. Ideally, an HbF 

drug induces high levels of fetal hemoglobin while simultaneously suppressing the 

production of adult (or sickle) hemoglobin. Many examples of HbF stimulants exist in 

which the production of both hemoglobin forms are stimulated, diminishing their 

therapeutic value. In this context, the inability of K562 cells to express HbA significantly 

limits a comprehensive evaluation of RSV. 
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In our study we decided to utilize the KU812 cells, a less commonly used 

erythroleukemia cell line, which has the distinct advantage that it produces both fetal 

and adult hemoglobin [75,77,79,81]. Further, a study companng the utility of KU812 and 

primary cells showed that erythroid gene profiles were similar in the two cell types [81]. 

Using this cell line, our results indicate that RSV is a potent inducer of fetal hemoglobin. 

Flow cytometry-based measurements of adult hemoglobin and the significant increase 

in the HbF-to-HbA ratio demonstrate that RSV has only a small stimulating effect on the 

~·globin gene. This favorable characteristic is crit1cal for any future prospect of the use 

of this compound or its derivatives in the clinical setting. In addition to increasing the 

fetal hemoglobin content in individual KU812 cells, complementary studies in primary 

erythroid progenitors showed that RSV 1s also able to expand the pool of HbF-containing 

cells (F-cells). We were unable to demonstrate this effect in the KU812 cell line, most 

likely because of the known high percentage of F-cells in the baseline culture. The fact 

that RSV IS able to not only elevate the HbF-to HbA ratio in a population of erythroid 

progenitors, but also increase the number of HbF-containing cells, indicates that more 

cells will be protected from the harmful effects of sickle hemoglobin polymerization, a 

critical feature in clinical practice. 

In the next series of experiments we tested our hypothesis that RSV mediates its 

HbF-augmenting effects by targeting the recently identified KLF1-BCL11A mechanism of 

y-globin gene suppression. We measured the protem levels of both molecules by 

immunoblotting in treated populations of KU812 and primary erythroid progenitor cells. 

The results were consistent and revealed a profound depletion of both KLF1 and BCLllA 
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in both cell systems. To our knowledge, this is the first trme that the activity of any HbF

inducing compound has been linked to a specrfic in-trans acting factor. Considering that 

transcription factors in general have long been considered "undrugable", this finding 

should provide an important springboard for future research. 

18: Determine whether RSV-mediated HbF induction is neutralized by over-

expression of KlFl. 

Our data support the hypothesis that RSV's HbF activity is, at least in part, 

explained by a reduction of the intracellular protein levels of KLFl and BCLllA. 

Accordrng to this model, RSV acts primarily on KLFl, reducing its levels either by a 

transcrrptional or non-transcriptional mechanrsm. Because KLFl is known to directly 

upregulate the expression of BCLllA, depletion of KLFl would secondarily decrease 

BCLllA levels and reduce its ability to repress the expressron of the y-globin genes. In 

order to confirm that KLFl suppression is necessary for the RSV-mediated induction of 

HbF, we tested RSV's HbF activity in the presence of a constitutively active and 

dominant-negative KLFl construct. We predicted that overexpression of wild-type KLFl 

would abrogate RSV's ability to deplete KLFl and thus induce HbF. Conversely, we 

predicted that expression of a dominant-negative KLFl would have a neutral effect on 

RSV's ability to deplete KLFl and induce HbF. We performed these studies in KU812 cells 

because of the convenience of transfecting this cell type with expression plasmids. An 

empty vector was used for control. We were able to demonstrate that KLFl levels 

remained high in RSV-treated KU812 cells transfected with a wild-type KLFl construct. 

Under these conditions, RSV lost its ability to induce HbF. As predicted, transfection 
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with a dominant-negative KLF1 construct had a neutral effect on R5V-induced KLF1 

depletion and HbF induction. These results add further evidence that R5V-dependent 

suppression of KLF1 is required for HbF mduction. 

lC: Determine whether POE inhibition by RSV leads to KlFl suppression. 

Our findings that KLF1 suppression is required for R5V's HbF activity prompted us 

to investigate the mechanism of KLF1 regulation in erythroid cells. One obvious 

approach was to evaluate R5V's effects on the transcriptional activity of the KLF1 gene. 

Using KU812 cells, we performed qRT-PCR analysis to examine the expression of KLF1 

mRNA over time. Our results showed that R5V suppressed KLFl levels only modestly in 

the first 24h of the treatment period. This initial negative regulatory effect reversed 

over the next 48h to a potent induction of KLF1 mRNA. Parallel detection of KLF1 

protein levels by immunoblotting showed early (at 24h) and sustained suppression (up 

to 72h) in RSV-treated cells. Although we did not further investigate the reason for 

resveratrol's effects on KLF1 transcription, the several-fold increase of KLFl mRNA levels 

above baseline effectively ruled out a transcriptional mechanism for the observed 

decline of Kl F1 protein levels. 

A prev1ous report that KLF1 is ubiquitinated in vivo and its protein stability 

regulated through the 265 proteasome directed our attention to the possibility that 

resveratrol increases KLF1 turn over through proteasomal degradation [128]. Many 

regulatory proteins and transcription factors are regulated via the ubiquitin-mediated 

proteasomal pathway [163,164]. UbiqUitinated proteins shuttled to the 265 proteasome 

are subjected to proteolysis in an AlP-dependent manner [165]. 
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To test this hypothesis, we treated KU812 cells with the small molecule inhibitor, 

MG132, to block the act1vity of the 265 proteasome. Blockade of the 265 proteasome 

abrogated R5V-dependent degradation of KLFl. These results suggested that R5V 

regulates KLFl protein levels in erythroid cells in part by increasing the rate of its 

degradation through the proteasomal pathway. 

Finally, we inquired whether R5V activated the proteasome through its known 

activation of 51RT1 or by its recently published phosphodiesterase inhibitory effect. We 

found that inhibition of 51RT 1 with a specific small molecule inhibitor had no effect on 

HbF levels. To evaluate R5V's proposed mhibition of phosphodiesterase activity, we 

measured cAMP levels in treated populations of KU812 cells. R5V elevated intracellular 

cAMP levels three-fold. The 265 proteasome is known to be regulated by the cyclic 

AMP-dependent protein kinase, also known as protein kinase A (PKA). Accordingly, to 

demonstrate the link between R5V-mediated activation of PKA and KLFl levels, we 

treated KU812 with R5V and a specific PKA inhibitor. Our results showed that inhibition 

of cAMP-dependent protein kinase abrogated R5V's ability to degrade KLFl. Our 

findings are consistent with a model that identifies KLFl as a necessary target for RSV's 

HbF-inducing activity. According to this model, RSV activates the 265 proteasome 

through cAMP-mediated activation of PKA, which induces degradation of KLFl protein. 

Our studies performed in KU812 cells demonstrate a novel mechanism of HbF 

regulat1on by RSV that was previously unknown. However, our studies were not without 

limitations. In order to validate our proposed mechanism of action of RSV leading to 
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increased HbF production, confirmation of the mechanism in a more clinically relevant 

model is warranted. RSV's ability to augment HbF production in human primary 

erythroid progenitor cells points a potential mechanism in this cell type that may mimic 

what we observed in KU812 cells. Validation of the mechanism in human primary 

erythroid progenitor cells will be a more relevant predictor of the likely mechanism RSV 

and its derivatives will take in whole animal models. 

2A: Determine the ability of RSV to induce HbF ex vivo in mouse primary erythroid 

progenitors. 

The UAB mouse model of SCD carnes the transgenes for human fetal and adult 

hemoglobin and faithfully mimics many aspects of the disease seen in patients with SCD 

[94]. In preparation for experiments that would test RSV's HbF activity in vivo, we first 

tested erythroid progenitors from this model ex vivo to confirm that the transgene 

construct is inducible by RSV. 

Bone marrow cells were cultured ex vivo and differentiated in t he presence or 

absence of RSV. Our results showed that, in agreement with earlier studies in KU812 

cells and human erythroid progenitors, RSV was able to induce robust increases in HbF 

in mouse primary erythroid cells. Based on these results, we proceeded with eight 

weeks of RSV treatment in sickle cell mice. 

28: Determine whether resveratrol is capable of HbF induction in a mouse model of SCD. 

We and others have shown that RSV IS a potent inducer of HbF in human 

erythroleukemia cell lines and primary erythroid progenitors. In addition, we showed 
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that the HbF-inducing activity of RSV is maintained ex-vivo using mouse primary 

erythroid progenitor cells from sickle cell mice. It was unclear, however, whether RSV 

would maintain its bioactivity in vivo. The variables of drug metabolism and the 

complexity of the local cellular milieu cannot be adequately tested in the in vitro 

environment. We tested the efficacy of RSV using two different delivery methods. In one 

method, RSV was administered as a single bolus by gavage; in the second method, we 

selected a medicated diet to administer RSV as repeated doses over a 24h period. In 

both the gavage and diet methods, RSV was administered daily for eight weeks and was 

well tolerated without any evidence of adverse effects. 

At the end of the treatment period, we measured by HPLC the effects of RSV on 

HbF levels. In contrast to our in-vitro and ex-vivo results, RSV was unable to induce HbF 

in our mouse model of SCD. Additionally, RSV had no detectible effects on the 

percentage of F-cells, F-reticulocytes or the rate of erythropoiesis. Given that RSV was 

able to induce HbF in an ex vivo preparation of erythroid cells from this model, we 

wondered whether the lack of in vivo activity was related to RSV's known rapid 

metabolism. RSV is metabolized to three major metabolites, two glucuronide and one 

sulfate product. In comparison to the parent compound, we found that all three 

resveratrol metabolites failed to exhibit HbF-inducing activity in our established 

erythroleukemia cell assay. 

2C: Determine whether resverat rol is capable of modulat ing the pathophysiology of 

SCD in a mouse model. 
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In addition to its HbF-inducing properties, RSV has recognized anti-oxidant and 

anti-inflammatory effects. Sickle cell disease is a systemic inflammatory disease. A 

proadhesive vascular endothelium, activated white blood cells and increased levels of 

pro-inflammatory cytokines contribute to the pathophysiology of sickle cell disease. 

Conversely, a treatment strategy that is capable of dampening the inflammatory 

response in SCD is predicted to have therapeutic benefit. We evaluated the levels of two 

relevant soluble vascular adhesion molecules and investigated the extent of organ 

damage macroscopically as well as microscopically in histological sections of the liver 

and the spleen. Our results showed that RSV failed to have any discernible 

inflammation-modifying effects. 

One limitation of this study is that we did not determine the levels of RSV in the 

mouse plasma following treatment. However, we used an experimental approach that 

other studies have reported to be effective in other tn vivo systems. In addition, due to 

the rapid metabolism of RSV, it is difficult to detect the active compound in plasma thus 

the need to investigate metabolically stable derivatives for future studies. 



SUMMARY 

Resveratrol is a polyphenolic phytoalexin with recently discovered fetal 

hemoglobin-inducing activity. The major objectives of this thesis were to elucidate 

resveratrol's pharmacological mechanism of action and to evaluate its therapeutic 

activity in a preclinical mouse model of sickle cell disease. The experimental work was 

guided by two hypotheses: (1) resveratrol induces fetal hemoglobin production by 

modulating the activity of the recently discovered KLFl BCLllA mechanism of y-globin 

gene repression and (2) resveratrol retains HbF-stimulating activity in vivo and is able to 

modify drsease progression in a humanized mouse model of sickle cell disease. The in 

vitro work was performed in a relevant (KU812) erythroleukemia cell line and verified in 

cultures of primary human erythroid progenitor cells. Our results indicate that 

resveratrol induced robust increases in fetal hemoglobin levels in both cell systems with 

greater potency than the clinically established HbF inducer, hydroxyurea. A series of 

complementary experiments demonstrated that resveratrol treatment leads to a dose

dependent decline of KLFl and BCL11A levels; suppression of KLFl was found to be a 

necessary mechanrstic step because overexpression of a constitutively active wild-type 

KLFl construct abrogated resveratrol's HbF activity. Mechanistic studies to elucidate 

resveratrol's effect on KLFl protein levels established that resveratrol inhibited 
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phosphodiesterase activity in erythroid cells, induced cAMP-dependent protein kinase, 

which in turn activated the 265 proteasome and resulted in proteasomal degradation of 

KLFl. 

Long-term treatment with resveratrol using two methods of drug administration 

by gavage feeding and medicated chow failed to increase fetal hemoglobin levels or the 

number of HbF-containing erythroid cells in a mouse model of sickle cell disease. 

Furthermore, there was no evidence that resveratrol modified any of several 

inflammatory markers or improved histological measures of organ damage. In contrast, 

ex vivo cultures of mouse erythroid cells treated with resveratrol showed a strong HbF 

signal, which effectively excluded a drug-unresponsive transgene as the cause of the 

treatment failure. On the other hand, resveratrol is known to be rapidly metabolized, 

significantly limiting its in vivo bioavailability. Analysis of resveratrol's major metabolites 

revealed that neither the sulfated nor the glucuronidated forms of resveratrol 

possessed HbF-inducing properties in our established in vitro erythroleukemia cell assay. 

In conclusion, resveratrol possesses potent m vitro HbF-inducing activity. Our 

mechanistic stud1es are the first to reveal a specific molecular target for any of the 

existing hemoglobin F-inducing compounds. Our results provided the input for the 
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following drug activity model: resveratrol has POE inhibitory activity in differentiating 

erythroid cells which leads to cAMP-mediated accelerated proteasomal degradation of 

KLFl protein levels. KLFl is a direct, positive regulator of BCLllA. In the absence of 

KLFl, BCLllA protein levels decline. BCLllA is a potent repressor of y-globin gene 

activity. In the absence of BCLllA, transcriptional activity of the duplicated y-globin 

genes is de-repressed and fetal hemoglobin levels rise. Our in vivo data strongly imply 

that resveratrol's failure to induce fetal hemoglobin in a mouse model of sickle cell 

d1sease 1s related to its rapid metabolism and low bioavailability. Our findings encourage 

the study of metabolically stable resveratrol derivatives in preclinical animal models. 
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