
 

 

THERAPEUTIC REACTIVATION OF FETAL HEMOGLOBIN 

IN SICKLE CELL DISEASE: DEVELOPMENT OF A NOVEL 

PRODRUG AN-233  

  
By 

Aluya Richard Oseghale BS, Dipl. Ing. 

 

Submitted to the Faculty of the Graduate School  

of Augusta University in partial fulfillment 

of the Requirements of the Degree of  

Doctor of Philosophy 

 

 

April 

2019 

 

 

COPYRIGHT© 2019 by Aluya Richard Oseghale BS, Dipl. Ing.  



 

 

ACKNOWLEDGEMENTS 

 

The completion of this dissertation and my doctoral training would not have been 

possible without the privilege of Dr. Betty Pace's support and mentorship. I greatly 

appreciate the unique training experience I received from her laboratory. I am greatly 

delighted to be one of her over 70 former trainees who have benefited from her 

mentorship 

I sincerely appreciate the support of every member of my dissertation committee. I am 

grateful to Dr. Fulton for being readily available to answer my questions, for all of his 

helpful suggestions and recommendations for my investigations. Dr. Kutlar's generosity 

with his time and advice has been amazing. Despite his many engagements and tight 

schedule especially at the hospital clinics, he has been very kind in accommodating my 

requests for committee meetings as well as one-on-one meetings. I greatly appreciate Dr. 

Kutlar's immense support for my doctoral training.  

My sincere thanks to Dr. Rudolf Lucas for his kind and generous support for my training. 

Even before I enrolled in the graduate program, Dr. Lucas has been a major helpful 

resource for my training and development. Since 2006 when I first met Dr. Lucas in 

Europe as his student, he has always been a very welcoming and receptive professor and 

willing to give his advice and any needed assistance to trainees. Special thanks to Dr. 

Gabor Csanyi for all his support to my doctoral training. Dr. Gabor has always been 

available and helpful regardless of how inconvenient it may be.  I acknowledge the kind 

help of the Reader of my dissertation Dr. Ha Won Kim. His willingness and availability 

has greatly helped in my preparation of this dissertation. 



 

 

The Pace Lab has been a wonderful place to conduct experiments because of the lovely 

people that make up the lab team. I appreciate the kind assistance of Drs. Biaoru Li and 

Xingguo Zhu for my experiments - and I much appreciate being a co-author with them on 

publications. Thanks to our lab manager Mayuko Takezaki and our administration 

specialist Natasha Alford. Special thanks to my fellow mentee and co-author Nicole H. 

Lopez. 

To the wonderful administration at The Graduate School (TGS) of Augusta University, I 

like to express special appreciation. Their positive impact on me dates back to when I 

was preparing my application package for admission into the PhD program in Biomedical 

Sciences. Special thanks to the Dean, Dr. Mitchell Watsky, for his leadership of TGS. I 

am also very grateful to Dr. Patricia Cameron for all of her insightful advice.  I appreciate 

the very many kind people at TGS including Ms. Marvis Baynham (retired) and Ms. 

Emily Crider. 

I acknowledge the sacrificial cooperation of my wife, Justina Oseghale, for taking care of 

our children and other related matters during my extended hours away from home - while 

I was performing or troubleshooting experiments in the lab. I much appreciate her 

understanding when I needed more time for further troubleshooting of unexpected results 

from experimental investigations. 

 

 

 

 



 

 

ABSTRACT 

 
ALUYA RICHARD OSEGHALE 

Therapeutic Reactivation of Fetal Hemoglobin in Sickle Cell Disease: 

Development of a Novel Prodrug AN233 

(Under the direction of BETTY S. PACE, M.D.) 
 

The reactivation of fetal hemoglobin (HbF) expression in sickle cell disease (SCD) 

ameliorates the clinical severity of the illness and improves patient's survival. 

Pharmacological induction of HbF has been a major strategy for SCD treatment and 

several research studies have focused on a wide variety of agents for their potential to 

induce HbF. However, hydroxyurea (HU) remains the only Food and Drug 

Administration (FDA)-approved drug proven to elevate HbF in about 50% of adults with 

SCD. Efficacy of HU has been very limited due to many side effects including bone 

marrow suppression, susceptibility to infections and long-term infertility. Our group had 

reported potent induction of HbF by sodium butyrate in erythroid cells through p38 

MAPK activation. Nevertheless, oral administration of a butyrate (BA) derivative to SCD 

patients was ineffective due to rapid metabolic inactivation by the liver. Therefore, the 

need for better therapies exists. 

This project investigated a novel prodrug conjugate of BA and δ-aminolevulinate (ALA) 

denoted as AN-233. As an ester, AN-233 [1-(butyryloxy) ethyl-5-amino-4-

oxopentanoate] undergoes intracellular hydrolysis in an esterase dependent manner to 



 

 

yield two active drugs BA and ALA. In prior studies, oral administration of AN-233 to 

mice increased total hemoglobin but the effect on HbF was unknown. 

We proposed the hypothesis; that AN-233 upregulates γ-globin gene expression and 

elevates HbF synthesis via transcriptional and post-transcriptional mechanisms. We 

investigated AN-233 using in-vitro, in-vivo and ex-vivo model systems including K562 

cell lines, sickle progenitors and β-YAC mice. Treatment of K562 cells showed AN-233 

significantly increased γ-globin mRNA levels. Flow cytometry analyses show AN-233 

treatment significantly increased HbF protein expression and Western blotting analyses 

of whole cell lysates confirmed increased protein synthesis of HbF. Treatment of CD34+ 

stem cell-derived primary erythroid cells with AN-233 increased early stage (basophilic) 

erythroblasts by 2.4fold and decreased late stage (orthochromatophilic) erythroblasts by 

2.5 fold. In sickle progenitors, AN-233 again elevated F-cell% by 1.5fold and HbF 

protein by over 2.6 fold. Mechanistic studies in K562 cells showed that AN-233 

significantly elevated heme biosynthesis, decreased phosphorylation of Heme-Regulated 

Inhibitor (HRI) and Eukaryotic Initiation Factor 2α (eIF2α) thereby promoting the protein 

synthesis of globin chains. Additionally, AN-233 enhanced histone acetylation at the γ-

globin promoter and LCR DNase I hypersensitive site 2 (LCR HS2). Treatment of sickle 

progenitors with AN-233 decreased %sickled cells by up to 50%. The transcription factor 

BACH1 was reduced while NRF2 was increased in AN-233 treated K562 cells. In vivo, 

AN-233 increased F-cell% and MFI of treated β-YAC mice within 4-weeks. 



 

 

Our data support AN-233 as a potent HbF inducer in erythroid progenitors and in mice. 

The prodrug represents a candidate drug, which can be developed for the treatment of 

SCD patients. 

 

 

KEY WORDS: fetal hemoglobin, sickle cell disease, butyrate, δ-aminolevulinate, β-

YAC. 
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I. INTRODUCTION 

Statement of the Problem  

Blood diseases affect millions of people each year and pose a huge burden to public 

health. Over 1 million Americans have inherited or acquired blood diseases and suffer 

serious morbidities (Atrash & Parker, 2010; Grosse, James, Lloyd-Puryear & Atrash, 

2011). The challenges posed by blood related illnesses to patients and their families are 

largely underestimated. However, accumulating epidemiological evidence strongly 

suggests hematological diseases are of public health priority (Parker, Tsai, Siddiqi, 

Atrash & Richardson, 2014; Richardson, Parker & Tsai, 2014).  

Blood disorders comprise a wide range of illnesses that include rare or orphan diseases as 

well as hematologic disorders which rank among leading causes of deaths in developing 

countries (Livnat, Barg, Levy-Mendelovich & Kenet, 2017; Mathers & Loncar, 2006). 

Abnormalities in the production or function of the oxygen-transport molecule 

hemoglobin (Hb) give rise to many chronic illnesses. Some of these illnesses are 

associated with a wide range of clinical complications, multiple hospital stays and 

dramatically reduced quality of life. The number of affected patients in the developed 

world is relatively small but they incur huge medical costs besides the chronic pain and 

suffering they face. 

 

 

Literature review 

Hemoglobinopathies 
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Hemoglobinopathies are the most common monogenic diseases worldwide 

(Weatherall, 2008). They are inherited gene defects, which cause abnormal production or 

structure of Hb. Inherited defects that affect the production of globin chains are classified 

as the thalassemia syndromes. These syndromes can be either α-, or β-thalassemia 

affecting the α- or β-globin chains that comprise Hb (Muncie & Campbell, 2009). 

Mutations in genes coding for globin chains of Hb can cause other forms of 

hemoglobinopathies. Different single gene mutations in β-globin gene have resulted in 

abnormal forms of Hb such as HbE and HbC. The A->T mutation at the 6th codon of β-

globin gene that causes HbS is the most common. Homozygous form of the mutation 

HbSS causes sickle cell anemia (Kountouris, Lederer, Fanis, Feleki, Old & Kleanthous, 

2014; Patrinos et al., 2004) – most commonly referred to as sickle cell disease (SCD). 

 

Sickle Cell Disease  

SCD is one of the most common monogenic disease worldwide with over 330, 

000 affected persons born each year (Modell & Darlison, 2008).  The disease results from 

a point mutation in the sixth codon of the β-globin chain of hemoglobin (Hb) leading to 

substitution of valine for glutamic acid (glu6val). This glu6val substitution renders sickle 

Hb (HbS) susceptible to polymerization upon deoxygenation. Sickled red blood cells are 

fragile (Bunn, 1997), short lived and undergo hemolysis leading to chronic hemolytic 

anemia (Gladwin, Kanias & Kim-Shapiro, 2012; Platt et al., 1994). Although the gene 

mutation for SCD has been defined for many decades, the clinical complications of the 

disease are heterogeneous. Manifestations include severe anemia, repeated episodes of 
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acute pain, acute chest syndrome, pulmonary hypertension, leg ulcers, retinopathy, 

kidney failure, priapism and stroke (Castro et al., 1994; Vichinsky et al., 2000).  

 

Apart from the diversity of clinical phenotypes of SCD, patients with this illness 

show varying degrees of disease severity (Leikin, Gallagher, Kinney, Sloane, Klug & 

Rida, 1989; Pace & Goodman, 2016; Platt et al., 1991). Notably, infants born with the 

SCD do not show symptoms because of high fetal hemoglobin (HbF) levels at birth 

however, when hemoglobin switches from HbF to HbS during the first year of life the 

clinical pathophysiology of SCD begins to manifest (Bailey, Morris, Thomas & Serjeant, 

1992; Watson, 1948).  

 

The natural history Cooperative Study of Sickle Cell Disease (CSSCD) conducted 

for a 20-year period involved about 4000 SCD patients. A seminal finding was the 

important observation that HbF levels are associated with disease severity and long-term 

survival. It was reported from CSSCD that individuals with HbF higher than 8.6% had a 

better probability of survival than persons with HbF <8.6% (Ohene-Frempong et al., 

1998; Perrine, Brown, Clegg, Weatherall; Platt et al., 1994 & May, 1972). Moreover, 

patients who co-inherited the condition known as hereditary persistence of fetal 

hemoglobin (HPFH) have markedly elevated HbF levels as high as 40% (Belisario, Sales, 

Silva, Velloso-Rodrigues & Viana, 2016). Many of these HPFH/HbS patients are 

asymptomatic (Alsultan et al., 2014; Kar et al., 1986). 
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Current therapies for SCD 

Available therapeutic options to threat SCD patients are mostly aimed at 

modifying the disease by inducing HbF levels (Pace, Lopez, Zhu & Li, 2016) since the 

only cure involves allogeneic hematopoietic stem cell transplantation. However, this 

strategy is limited since most patients do not have suitable sibling donors making this 

approach not available for widespread application (Michlitsch & Walters, 2008; Persons, 

2009). Gene therapy studies are underway with reports of promising results. Recently 

SCD patients were infused with CD34+ stem cells transduced with a gene coding for an 

anti-sickling variant of adult hemoglobin (HbAT87Q) which prevented the reoccurrence 

of vaso-occlusive crises during a 15-month follow-up period; the blood level of the anti-

sickling HbA variant is about 50% of total hemoglobin (Ribeil et al., 2017). 

 

Blood transfusion, the use of L-glutamine powder (Endari) or hydroxyurea (HU) 

for SCD treatment are not curative but are mainly aimed at modifying the disease severity 

(Gardner, 2018; Wilmore, 2017). Hydroxyurea, the only FDA-approved HbF inducing 

agent for treating adult SCD patients, mainly acts by reactivating HbF expression 

(Charache et al., 1995; Wang et al., 2011). The γ-globin gene is regulated by several 

transcription factors including BCL11A, SOX6, GATA1, MYB, KLF1 and KLF4 (Kalra, 

Alam, Choudhary & Pace, 2011; Sankaran et al., 2008). Studies have shown that HU 

mainly induces HbF by cGMP (cyclic Guanosine Monophosphate) activation. Other 

mechanisms triggered by HU are BCL11A and KLF1 gene silencing to induce γ-globin 

gene expression (Grieco, Billett, Green, Driscoll & Bouhassira, 2015; Pule, Mowla, 

Novitzky & Wonkam, 2016). Additionally, HU lowers leukocyte counts and stimulates 
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the production of the vasodilatory molecule nitric oxide, which controls vascular tone. 

Although, HU treatment improves disease severity and survival of adults, there remains 

the challenge of non-responders who do not derive therapeutic benefit. Moreover, the use 

of HU required frequent medical follow up to monitor for side effects including bone 

marrow suppression and long term infertility (Platt, 2008). Thus, the urgent need exists to 

develop better or more effective therapies for treating SCD. 

 

Clinically, a limited number of agents have been demonstrated to be HbF inducers 

in people (Pace, Liu, Li & Makala, 2015) but are active in tissue culture and animal 

models. These include compounds like pomalidomide, decitabine, azacitidine, decitabine, 

arginine butyrate and more recently tranylcypromine and RN1 which are inhibitors of 

lysine-specific demethylase 1 (Cui et al., 2015; Ley et al., 1982; Meiler et al., 2011; Shi, 

Cui, Engel & Tanabe, 2013). Therapeutic application of these agents is hindered by 

significant challenges such as route of administration – a critical factor influencing 

patient compliance (Sankaran & Nathan, 2010) and limited preclinical data required for 

use in humans. Arginine butyrate, for example, is a potent HbF inducer but requires 

intravenous administration since the agent is rapidly inactivated when given by oral 

route.  

Novel Prodrug Conjugate of Butyrate and δ-aminolevulinate AN-233 

In our search for novel HbF inducing agents we identified a unique prodrug 

developed by Berkovitch and colleagues, which enhanced the protein synthesis of α-

globin chains as an indicator of increased total Hb in erythroid cells as well as stimulation 

of erythroid differentiation (Berkovitch-Luria, Weitman, Nudelman, Rephaeli & Malik, 
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2012; Berkovitch, Doron, Nudelman, Malik & Rephaeli, 2008). Shown in Figure 1 is the 

prodrug AN-233 [1-(butyryloxy) ethyl-5-amino-4-oxopentanoate] which undergoes 

cellular hydrolysis in an esterase-dependent manner to yield two active compounds – 

butyrate (BA) and δ-aminolevulinate (ALA). The latter is a precursor of heme 

biosynthesis while butyrate is known to inhibit nuclear histone deacetylases (HDACs) as 

a mechanism to enhance the efficiency of γ-globin mRNA transcription and induce HbF 

synthesis in patients with SCD (Perrine, Greene & Faller, 1985; Rephaeli et al., 2016; 

Weinberg et al., 2005; Steliou, Boosalis, Perrine, Sangerman & Faller, 2012). Recently, 

AN-233 was tested in vivo in Balb/c mice and was found to improve Hb levels in a 

mouse model of anemia (Rephaeli et al., 2016). Notably, the prodrug can be administered 

orally. Whether this agent can be developed for SCD depends on answering the vital 

question whether AN-233 will induce γ-globin gene transcription and HbF synthesis in 

tissue culture and in a preclinical SCD mouse model. This vital question was the focus of 

this investigation.  

 

 

Figure 1: Proposed mechanism of action for AN-233 as a fetal hemoglobin inducer.  
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After entry into cells and metabolic hydrolysis  by esterase enzymes, AN-233 releases the 

active metabolites BA and ALA. To achieve fetal hemoglobin (HbF) induction, BA acts 

by a dual mechanism to activate p38 mitogen activated protein kinase (MAPK) signaling, 

CREB 1 (cAMP response element binding protein 1) activation and transactivation of the 

γ-globin promoter; and mediates nuclear histone acetylation as an HDAC inhibitor (Ikuta, 

Kan, Swerdlow, Faller & Perrine, 1998). Notably, ALA stimulates heme biosynthesis, 

which is expected to inhibit HRI (Heme-regulated inhibitor) expression and eIF2αP 

(eukaryotic initiation factor 2α) kinases (Malik, Lugaci & Hanania, 1988). 

Proposed Hypothesis and Study Design 

Hypothesis: Our overall goal is to find a novel strategy to induce HbF. We hypothesized 

that AN-233 induces γ-globin expression and elevates HbF production in erythroid 

progenitors via both transcriptional and post-transcriptional mechanisms.  

We tested our hypothesis through the following three specific aims. 

 

Specific aim 1. To determine the time and dose-dependency of AN-233 to induce HbF in 

an erythroid cell line and in primary erythroid progenitors. Studies will be conducted in 

the K562 cell line, HuDEP1 cells as well as in normal and sickle primary erythroid 

progenitors. The induction of γ-globin gene expression by AN-233 will be determined by 

reverse transcriptase-quantitative PCR (RT-qPCR) and the protein expression levels of 

HbF quantified by flow cytometry and Western blotting (WB). 

 

Specific aim 2. To determine the cellular mechanisms involved in elevated HbF in 

erythroid progenitors upon treatment with AN-233. The ALA component of AN-233 is a 
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precursor of heme biosynthesis and a state of heme depletion leads to activation of heme-

regulated kinase (HRI). Activated HRI turns on eukaryotic initiation factor 2α (eIF2α) 

which is a negative regulator of Hb synthesis. Upon HbF induction, we examined the 

effect of AN-233 on the protein levels of HRI in erythroid cells. The ability of butyrate to 

induce HbF involves activation of p38 and inhibition of HDACs. Over activation of p38 

MAPK may be of concern as it could contribute to capillary leak. We therefore assessed 

p38 MAPK phosphorylation and quantified levels of histone acetylation by WB.  

 

Specific aim 3. To test the therapeutic efficacy of AN-233 to induce HbF in a preclinical 

mouse model. We conducted in vivo studies to determine the induction of HbF by AN233 

in the β-YAC mouse model. The test drug was administered by intraperitoneal injections 

and the effect on HbF levels indicated by F-cell% and mean fluorescence intensity (MFI) 

were quantified by flow cytometry. The effects of AN-233 on hematopoiesis was 

determined by complete blood count. 

 

Expected Outcome. We expected that AN-233 will induce HbF production in erythroid 

progenitors and in preclinical mouse model. Our findings have the potential to foster 

improvements in SCD therapy, via the development of a novel therapeutic agent, which 

is a conjugate of ALA and butyrate that can be taken by mouth in humans. 
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II. MATERIALS AND METHODS 

Synthesis of prodrug AN-233 

The prodrug is first synthesized as a precursor compound of butyrate (BA) attached to δ-

aminolevulinate (AN-233) with a protective BOC group on the N terminal by the group 

of Drs. Rephaeli and Nudelman. The pure prodrug was obtained by the removal of the 

BOC protective group on the N-terminal. Removal of the BOC group is carried out under 

acidic condition such as in an HCl solution as the acyloxyethyl ester of ALA and BA. 

The synthesized prodrug was made available with >95% purity in two lots (batches). The 

first lot was reconstituted in 10% ethanol (vehicle control) while the second lot was 

reconstituted in water. 

 

Tissue Culture and Reagents 

K562 cells were cultured in Iscove’s Modified Dulbecco medium (IMDM) with 10% 

fetal calf serum (FCS), penicillin (100 U/mL) and streptomycin (0.1 mg/mL). Cultured 

cells were incubated in 5% CO2 at 37oC. Normal CD34+ stem cell-derived primary cells 

and peripheral blood mononuclear cells (discard blood, IRB exempt) were cultured in a 

modified two-phase liquid culture system. During phase 1, cells were grown in IMDM 

with 15% fetal bovine serum, 15% human AB serum, 10 ng/mL interleukin-3, 50 ng/mL 

stem cell factor and 2 IU/mL erythropoietin (Peprotech, Rocky Hill NJ). Phase 2 was 

initiated on day 7 with a similar medium except stem cell factor and interleukin-3 were 

removed. Giemsa staining was used to monitor cell morphology. Human Umbilical cord 

blood derived erythroid progenitors 1 (HuDEP1) were cultured also in a 2-phase liquid 
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culture system. Phase 1 culture medium for HuDEP1 cells is composed of StemSpam 

medium containing stem cell factor SCF (50 ng/mL), erythropoietin EPO (3 IU/mL) and 

Dexamethasone DEX (10-e6 M), Doxycycline DOX (1 μg/mL). While, phase 2 of 

HuDEP1 culture is IMDM medium supplemented with 2% FCS, 3% human serum 

albumin, 3 U/mL EPO, insulin (10 ug/mL), 500 ug/mL Holo-Transferrin and 3 U/mL 

Heparin.  

Drug induction of erythroid cells 

K562 cells, CD34+ stem cell-derived normal primary erythroid cells or sickle erythroid 

progenitors were treated with AN-233 or controls in a 12-well plate for 48 h or as 

indicated. Typical induction plan or layout in 12-well plate format is as shown in Figure 

2.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Typical 12-well plate layout for drug induction in erythroid cells 

Plate #1 

1 2  3 4 

Untreated BA 0.5 mM ALA 0.5 mM HU 100 μM 

Untreated BA 0.5 mM ALA 0.5 mM HU 100 μM 

Untreated BA 0.5 mM ALA 0.5 mM HU 100 μM 

Plate #2 

5 6 7 8 

0.125% EtOH 
AN233 

0.125 mM 

AN233 

0.25 mM 

AN233 

0.5 mM 

0.125% EtOH 
AN233 

0.125 mM 

AN233 

0.25 mM 

AN233 

0.5 mM 

0.125% EtOH 
AN233 

0.125 mM 

AN233 

0.25 mM 

AN233 

0.5 mM 
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Total RNA isolation and RT-qPCR analyses 

Total RNA was isolated was extracted from cells using Trizol (Ambion, Carlsbad CA) 

and analyzed by RT-qPCR. First strand cDNA was generated using impromIITM 

Reverse Transcription System (Promega, Madison WI). To quantify mRNA levels for γ- 

and β-globin and the internal control glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH), gene-specific primers were used. All mRNA levels were normalized to 

GAPDH before analysis.  

 

Western blotting 

Western blot analysis was performed using whole cell lysates obtained from control and 

treated cells. Cells were lysed to obtain whole cell lysates using RIPA buffer 

(ThermoScientific, Rockford, IL) supplemented with proteinase and phosphatase 

inhibitor cocktails. Nuclear lysates were prepared by resuspending cells in buffer 

containing 20 mM HEPES, pH 7.9, 50 mM KCl, 420 mM NaCl, 0.1 mM EDTA, 1 

mM DTT, 10% glycerol, protease inhibitor mixture and extracted on ice for 30 min, 

followed by centrifugation at 14,000 rpm for 5 min at 4 °C. Antibodies against HbF (51-

7), HbA (37-8), (SC-271211) and TBP (N-12) were purchased from Santa Cruz 

Biotechnology (Dallas TX); antibodies against β-actin (A5316) and rabbit normal IgG 

(I8140) were purchased from Sigma (St. Louis MO). AcH3 (06-599) and AcH4 (06-866) 

antibodies were purchased from Millipore (Burlington MA).  
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Flow cytometry analysis  

To measure the HbF positive cells (%F-cells), erythroid cells were fixed with 1% 

formaldehyde, permeabilized with acetone/methanol (4:1 ratio) and stained with FITC 

anti-HbF antibody (ab19365, Abcam Cambridge MA); isotype control IgG antibody 

(MBS524511, MyBioSource, San Diego CA) was used to detect non-specific staining. 

The %F-cells levels were analyzed on a LSR-II flow cytometer (BD Biosciences, San 

Jose CA).   

 

Heme quantitation assay 

The total cellular heme content was determined using the QuantiChromTM Heme Assay 

Kit (DIHM-250, BioAssay Systems, Hayward, CA) per the manufacturer's instructions. 

Briefly, 25 μL of cellular lysate was mixed with 100 μL of detection reagent. The mixture 

was incubated at room temperature for 5 min followed by measuring the absorbance at 

400 nm on a microplate reader. The total heme concentration was calculated based on a 

formula provided by the manufacturer: Heme concentration = (ODsample - ODblank)/ 

(ODcalibrator - ODblank) x 125 x dilution factor. This value was normalized by total 

protein in each sample. 

Sickling assay  

Drugs were used to induce SCD patient–derived erythroid progenitors on day 8 of culture 

for 48 h. Treated cells were incubated in a hypoxic environment of 2% oxygen overnight. 

Thereafter, cells were fixed with 2% formaldehyde and evaluated for formation of a 

sickle shape microscopically and sickled cells total cell number per fields were manually 

counted. 
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Animal studies/ β-YAC drug treatment protocol 

The β-YAC model is a humanized mouse containing the full-length 81 kb human β-

globin gene locus including the locus control region and surrounding region. The human 

ε-γ-δ-β-globin genes are present and undergo normal developmental regulation with the 

γ-globin gene silenced shortly after birth. Mice were administered different 

concentrations of AN-233 (200 or 300 mg/kg) 5 days/week for 4 weeks by intraperitoneal 

injection. Hydroxyurea (HU) was included as positive control. We collected mouse blood 

by tail bleed at week 0, 2 and 4 and analyzed blood samples for complete blood count, 

and flow cytometry for reticulocytes and F-cells analysis. Automated complete blood 

counts were performed using a Micros 60 machine (HORIBA Medical/ABX 

Diagnostics). Mouse blood cells were stained with acridine orange to determine 

percentage reticulocytes or fixed with 4% formaldehyde, permeabilized with ice-cold 

acetone:methanol (4:1 ratio) and stained with HbF-FITC conjugated antibody for 

determination of %F-cell.  

Chromatin Immunoprecipitation (ChIP) assay 

ChIP assay was performed with AcH3 (06-599) or AcH4 (06-866) antibodies (Millipore, 

Burlington MA) and TATA binding protein (TBP; N-12) antibodies (Santa Cruz 

Biotechnology). The primers used to quantify in vivo DNA binding to the regions are 

HS2 (forward 5’-CCTTCTGGCTCAAGCACAGC, reverse 5’-

ATAGGAGTCATCACTCTAGGC), γ-globin promoter (forward 5’-

CTGAAACGGTCCCTGGCTA, reverse 5’-CTGTGAAATGACCCATGGCG), β-globin 

promoter (forward 5’-TGGAGCCACACCCTAGGGTTGGC, reverse 5’-

CTTGTAACCTTGATACCAACCTG). Rabbit IgG was used as ChIP pulldown control. 
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Cell viability assessment  

Viability of cultivated cells were evaluated with 0.4% Trypan blue exclusion (Strober, 

2001), and cell count was performed in dual chamber counting slides (Bio-Rad, cat. # 

145-011). Counts of total cells, live cells and percentage viability were obtained using 

Automated Cell Counter (Bio-Rad, TC-10). 

Statistical analysis 

For tissue culture studies, data for at least 3-5 independent experiments were reported as 

the mean ± standard error of the mean (SEM). The Student's t-test was performed to 

determine significance and p<0.05 was considered statistically significant. For β-YAC 

studies, AN-233 or HU treated mice were analyzed by paired t-tests to compare week 0 

vs. week 2 and week 4, respectively. Changes from baseline (week 0) across treatment 

groups were compared using ANOVA with post-hoc Tukey HSD test for pairwise 

comparison at week 2 and week 4 respectively. 
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III. RESULTS 

 

 We used erythroid K562 cell lines for our initial studies of prodrug AN-233. The cells 

were maintained in IMDM media supplemented with 10% FBS and 1% 

penicillin/streptomycin antibiotics with a minimum viability of 95%. Cells treated with 

control and experimental drugs were monitored for drug effects on viability at the end of 

the 48 h incubation period.  Drug dosage ranged from 100 μM for HU to as high as 1 mM 

for AN-233 (Table 1). Concentration of AN-233 tested ranged from 0.125 mM to 1 mM 

(Table 2). 

Table 1: Stock and working concentrations of controls and experimental drugs 

Drug 

Stock 

Solution 

concentration 

 

Vehicle 
Final 

concentration 

Cell 

Volume 

Drug 

Volume 

Hemin 4 mM NaOH 50 μM 1 mL 12.5 µl 

Ethanol 

(EtOH) 
10% 

Water 

0.125% 
1mL 12.5 μl 

Hydroxyurea 

(HU) 
10 mM  

Water 

100 μM 
1mL 10 µl 

Butyric acid 

(BA) 
50 mM 

Water 

0.5 mM 
1 mL 10 µl 

ALA 100 mM Water 0.5 mM 1mL 5 µl 

AN-233 40 mM  
10% 

EtOH 0.5 mM 
1mL 12.5 µl  

AN-233 40 mM 
10% 

EtOH 0.25 mM 
1mL 6.25 µl 

AN-233 4 mM   
10% 

EtOH 
0.125 mM 

1mL 31.25 ul 

 

Table 1 Stock and working concentrations of controls and experimental drugs. 
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Viability studies of AN-233 treated erythroid cells 

Low dose of AN-233 was well tolerated by K562 cells. Cultivated K562 cells with a 

minimum viability of >95% were induced with control and experimental drugs at various 

doses (Table 1). Treated cells were incubated for 48 h at 5% Carbon dioxide and 37 

degrees Celsius. After incubation, negative control conditions (untreated or UT and 

ethanol vehicle controls) had a cell viability of >99% (Table 2). The positive controls 

BA, ALA and HU conditions maintained cell viability of >98%. 0.125 – 1.0 mM 

concentrations of AN-233 was tolerated by the treated cells. However, one passage of 

K562 cells showed reduced viability of about 50% (hence the high standard error from 

the mean viability of 0.5 and 1.0 mM AN-233 conditions) but all other inductions in 

K562 cells and other erythroid cell types did not affect cell viability. Analyses of caspase 

3 cleavage, one of the markers of cell death (Lavrik, Golks & Krammer, 2005), showed 

that no cleavage of caspase 3 was detected (Appendix A, Figure 1). Viability evaluations 

of erythroid cells induced with drugs mostly revealed cells were over 80% viable. 
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Table 2. Low dose AN233 well tolerated in K562 cells (*106) 

Group Viability % 

UT 99 ± 0.00 

BA 99 ± 0.33 

ALA 98 ± 0.58   

HU 99 ± 0.58 

Ethanol (0.01%) 99 ± 0.33 

Ethanol (0.25%) 99 ± 0.33 

AN233 (0.125 mM) 99 ± 0.33  

AN233 (0.25 mM) 99 ± 0.33 

AN233 (0.5 mM) 78 ± 8.04 

AN233 (1 mM) 53 ± 8.60 

 

AN-233 reactivates γ-globin gene expression  

To determine how the prodrug AN-233 affects gene expression of γ-globin, total RNA 

was isolated from K562 cells treated for 48 h with control drugs (HU, BA, ALA, Hemin) 

and the experimental prodrug AN-233. RT-qPCR of γ-globin mRNA levels shows that 

0.125mM and 0.25 mM AN-233 treatment significantly increased expression of γ-globin 

mRNA by 1.82 and 1.91 fold respectively (Figure 3).  
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A) 

 

B) 

 

Figure 3: γ-globin gene expression in AN-233 treated K562 cells. K562 cells were treated 

with AN-233 dissolved in 0.016% EtOH as the vehicle control for 48 h. Total RNA 

samples were isolated from induced cells for RT-qPCR analyses. Shown in the bar graph 

is mRNA expression levels under the different treatment conditions. Data are shown as 

the mean± standard error of the mean (SEM), n= 5; *p<0.05 was considered statistically 

significant; **p<0.01. A) Raw data, B) Fold change. 
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AN-233 elevates the expression of HbF  

We assessed the level of HbF expression using FITC-conjugated anti-HbF antibody 

stained cells analyzed by flow cytometry. We found 0.125 mM and 0.25 mM AN233 

treatment increased HbF-positive cells (F-cells %) by 1.84 and 1.46 fold over EtOH 

vehicle control respectively, Figure 4A. In comparison to untreated controls, BA (0.125 

mM) ALA (0.125 mM) and HU (100 uM) also increased F-cell % by 2.9, 2.78 and 2.6 

fold respectively. Unexpectedly, we did not see an effect of hemin on F-cell %. However, 

when we analyzed treated cells for mean fluorescence intensity (MFI) to quantify HbF 

protein levels, we found that hemin significantly increased HbF by 2.87 fold, Figure 4B. 

In addition, 0.125 mM and 0.25 mM AN-233 significantly increased the MFI of treated 

cells by 1.52 and 1.58 fold respectively over vehicle control. Compared to untreated 

controls, BA (0.125 mM) ALA (0.125 mM) and HU (100 μM) increased the MFI of 

HbF-positive cells by 1.8, 1.7 and 2.2 fold respectively. Figure 4C shows the histograms 

of AN-233 treated cells positive for HbF along with controls confirming increased 

populations of HbF-positive cells upon treatment with AN-233 compared to vehicle 

control. In addition, histograms for BA, ALA and HU conditions show increased 

populations of HbF-positive cells over untreated controls.  
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A) 

 

B) 
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C) 

 

Figure 4: AN-233 increased HbF expression in K562 cells. K562 cells were treated with 

AN-233 dissolved in ethanol (EtOH) as the vehicle control for 48 h. Induced cells were 

stained with HbF antibody conjugated to FITC fluorochrome and analyzed by flow 

cytometry; Data are shown as the mean± standard error of the mean (SEM), *p<0.05 was 

considered statistically significant. A. Shown are F-cell% (HbF+ve K562 cells) which 

stained positive for FITC-anti HbF antibody (n=5). B. MFI indicating HbF concentration 

in treated cells (n=5). C. Shown is a representative histogram of the populations of 

HbF+ve cells.  
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To determine the effect of the prodrug on the total expression of HbF, whole cell lysates 

were extracted from induced/treated cells and evaluated for expression. Western blot 

analyses (Figure 5), showed that treatment of 0.125 mM and 0.25 mM AN-233 

significantly increased synthesis of HbF in K562 cells by 3.1 and 3.9fold respectively. 

Thus, analyses of increased protein synthesis revealed a dose-dependent response of 

K562 cells induced with the prodrug. 
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Figure 5: AN-233 increased total HbF synthesis in K562 cells. K562 cells were induced 

with AN-233 and controls for 48 h. Protein expression levels were analyzed by Western 

blotting to determine HbF levels with tubulin as an internal loading control. All data are 

shown as the mean ± SEM; *p<0.05 was considered statistically significant (n=5). Shown 

is a representative blot (upper) and quantitative data (lower) generated by densitometry 

analysis in the graph.  
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Time dependency of AN-233 mediated HbF induction 

To determine the optimal treatment time of AN-233 for HbF induction in K562 erythroid 

cells. We induced K562 cells with the prodrug and monitored its effect on HbF 

expression every 24 h for up to 96 h (4 days). We evaluated the synthesis of HbF every 

24 hours upon treatment of the cells. As a positive control, we observed a 6-fold hemin-

induced HbF as early as 24 h and remained at that level up to 48h (Figure 6).  

A) 
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B) 

 

C) 

 

Figure 6: AN-233 induced HbF in K562 cells as early as 24h with maximal effect at 96 h. 

K562 cells were induced with AN-233 and ethanol (vehicle) for 48 h. Levels of HbF 

protein synthesis were measured by Western blotting with tubulin as an internal loading 

control. All data are shown as the mean ± SEM; *p<0.05 was considered statistically 
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significant; n=3. Shown in (A) Representative Western blot images (B) Densitometry for 

effect of hemin as positive control and (C) densitometry for AN-233. 

 

Treatment with 0.25 mM AN-233 increased HbF as early as 24 h by 1.47-fold. Increased 

HbF by 0.25 mM AN-233 was further elevated 5 fold in 96h. Higher concentration of 

AN-233 (0.5 mM) increased HbF in K562 erythroid cells from 1.39-fold at 48h to 2.3-

fold at 96 h. Maximal effect of AN-233 on HbF induction was observed at 96 h during 

the induction time course.   

 

Mechanisms of AN-233 mediated HbF induction in K562 cell line 

To understand the signaling mechanisms involved in AN-233 mediated HbF induction in 

K562 cell model of erythroid cells, we investigated a number of molecular targets likely 

associated with effects of the prodrug. Our mechanistic studies focused on the two main 

components of the prodrug that is ALA and BA.  

The ALA moiety of AN-233 is the precursor for heme biosynthesis. It is the product of 

the rate limiting condensation of succinylCoA and glycine to form ALA catalyzed by 

ALA synthase (Zhang, Kang, Chen & Du, 2015). Exogenous supply of ALA would 

circumvent the enzyme-limiting step in heme biosynthetic pathway and predictably 

accelerate hemoglobin production. To determine the effect of the ALA component of 

AN-233 on heme production, we treated K562 cells with the prodrug. We incubated the 

treated cells for 48 h and then analyzed them for intracellular heme content using 

colorimetric heme quantitative assay. Heme levels in cells treated with 0.25 mM and 0.5 

mM AN-233 significantly increased in a dose-dependent manner by 1.5- and 1.8-fold 
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respectively over vehicle controls (Figure 7). Addition of hemin increased heme levels in 

treated K562 cells as positive controls. The additional controls 0.5 mM and 2.0 mM ALA 

also stimulated heme production. Although there was no same extent [this sentence 

makes no sense] as AN-233 when compared to the respective vehicle controls (1.5-fold 

increase due to 0.5 mM ALA vs. an increase of 1.8-fold due to 0.5mM AN-233). These 

data suggest that AN-233 mediates HbF induction by stimulating heme biosynthesis. 

 

Figure 7: AN-233 elevates heme biosynthesis in K562 cells. K562 cells were induced 

with AN-233 and ethanol (vehicle) for 48 h. Intracellular heme levels were measured 

using a colorimetric QuantiChromTM Heme Assay Kit for K562 cells under the different 

treatment conditions. All data are shown as the mean ± SEM; *p<0.05 was considered 

statistically significant; n=6. Each heme value was normalized by total protein. 

 

 

 



 

 

30 

 

Regulation of intracellular heme levels by protein kinases 

Deficiency of heme molecules within the cells can be detected by the protein molecule 

Heme-Regulated Inhibitor (HRI) kinase (Chen, 2007). HRI acts as a sensor of heme 

availability and it is an upstream activator of eIF2α. Synthesis of protein molecules from 

the translation of mRNA is controlled by eIF2α. Under normal conditions when there is 

sufficient supply or production of heme in the cells, heme binds to HRI and inactivates it. 

When heme is deficient in cells, HRI undergoes autophosphorylation to become 

phosphorylated at the threonine 485 residue to become activated. Four differents kinases 

are upstream of and are capable of phosphorylating or activating eIF2α - namely Protein 

Kinase, dsRNA dependent (PKR); PKR-like Endoplasmic Reticulum Kinase (PERK), 

General Control Non-derepressible 2 (GCN2) and HRI kinases (Chen et al., 1991; Chong 

et al., 1992; Harding, Zhang & Ron, 1999; Meurs et al., 1990). Of all four kinases 

upstream of eIF2α, HRI is preferentially expressed in erythroid cells. Phosphorylated or 

activated eIF2α shuts down protein synthesis of globin chains to protect cells from 

producing incomplete hemoglobin molecules (Figure 8). HRI balances the ratio of heme 

to globin during hemoglobin synthesis thereby ensuring that heme prosthetic group is 

incorporated into hemoglobin. 
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Figure 8: Schematic illustration of the activity of HRI kinase. During normal conditions 

when heme is sufficiently present in cells, HRI binds to heme and gets inactivated. 

However, when cells are deficient of heme molecules HRI undergoes 

autophosphorylation to become activated. Activated HRI phosphorylates its downstream 

target eIF2α to become activated. Phosphorylated or activated eIF2α shuts down protein 

synthesis of globin chains to protect cells from producing incomplete hemoglobin 

molecules that lack the heme prosthetic group. 

 

Previous studies have demonstrated that HRI is a negative regulator of γ-globin and HbF 

synthesis (Grevet et al., 2018). Therefore, we investigated the effect of the prodrug AN-

233 on the (in) activation of HRI. In addition to HRI, we evaluated the effect of AN-233 

on eIF2α – a downstream target of HRI. We observed that 0.25 mM and 0.5 mM of AN-

233 treatment in K562 cells produced a dose-dependent decrease in HRI and eIF2αP 

(52% and 50% respectively) as measured by Western blot analysis of extracted whole 
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cell lysates (Figures 9 and Figure 10). These data suggest that the actions of AN-233 

involves the inhibition of HRI and decreased phosphorylation/inactivation of eIF2α.  

 

A) 
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B) 

 

Figure 9. AN-233 inhibited HRI activation in K562 cells. K562 cells were induced with 

AN-233 and vehicle for 48 h. Levels of HRI kinase were analyzed by Western blotting 

for phosphorylated (p-HRI) and total heme-regulated inhibitor (t-HRI) levels with tubulin 

as an internal loading control. All data are shown as the mean ± SEM; *p<0.05 was 

considered statistically significant; n=6. Shown is phosphorylation levels of HRI. A) 

Western blot images, B) Densitometry. 
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A) 

 

B) 

 

Figure 10. AN-233 inactivates eIF2α levels in K562 cells. K562 cells were induced with 

AN-233 and ethanol (vehicle) for 48 h. Levels of eIF2α protein expression were analyzed 

by Western blotting for phosphorylated (eIF2α-P) and total (eIF2α) levels with tubulin as 

an internal loading control; eIF2αP levels were normalized by total eIF2α. 
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All data are shown as the mean ± SEM; *p<0.05 was considered statistically significant; 

n=3. Shown is reduced activation of eIF2α upon induction of cells with AN-233; A) 

Western blot images, B) Densitometry. 

 

Our previous study demonstrated that BA induces HbF in erythroid cells by cellular 

mechanisms involving activation of p38 MAPK (Pace et al., 2003). Thus, we treated 

K562 cells with AN-233, extracted whole cell lysates and analyzed for phosphorylated 

and total p38 MAPK levels. Interestingly, we observed a 1.4-fold increase in 

phosphorylated-p38 MAPK by AN-233 treatment (Figure 11). Analyses of treated cells at 

48 h showed no difference in p38 phosphorylation in control versus AN-233 treated cells 

(data not shown) suggesting p38 was transiently activated and the effect is time 

dependent.  
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Figure 11. AN-233 activates p38 MAPK signaling in K562 cells. K562 cells were 

induced with the prodrug AN-233 for 24 h and thereafter analyzed for phosphorylated 

and total p38 MAPK. All data are shown as the mean ± SEM (n=3 per group). *p<0.05 

was considered statistically significant. Shown is a representative blot (upper) and 

quantitative data (lower) for p38 MAPK after AN-233 treatment. *p<0.05 was considered 

statistically significant. Western blot analyses of whole cell lysates from AN-233 treated 

K562 cells show significantly increased phosphorylation of p38 MAPK. 

   EtOH                AN-233 

0.0016%             0.25 mM  
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Furthermore, pretreatment with the p38 inhibitor SB203580 (10 μM) followed by 0.25 

mM AN-233 decreased F-cell levels by 25% (p<0.05) suggesting that p38 signaling is 

involved in mechanisms of HbF induction, at least in part (Figure 12A, B).  

 

A) 
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B) 

 

Figure 12. Pretreatment with the p38 MAPK inhibitor SB203580 (SB) silences HbF 

expression. K562 cells were induced with AN-233 in the presence or absence of SB 

pretreatment (10 μM, 48 h). Cells were harvested, stained with FITC-HbF conjugated 

antibody and analyzed by flow cytometry (n=5 per condition, *p<0.05 was considered 

statistically significant). A. Representative histogram of the F-cells (HbF positive). B. 

The percentage of F-cells were quantified for the graph. Abbreviation: UT.  
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A number of transcription factors regulate the globin genes including the master regulator 

BCL11A and KLF1 (Sankaran et al., 2011; Satta et al., 2011; Zhou, Liu, Sun, Pawlik & 

Townes, 2010). In previous studies, our group had shown that activation of the 

transcription factor NRF2 induces the expression of γ-globin gene. In our study of AN-

233, we sought to determine how the prodrug influences some transcription factors that 

are associated with γ-globin gene expression. Having observed AN-233 increased heme 

levels and heme induces heme oxygenase 1 via activation of the transcription factor 

NRF2, we expected increased activation of NRF2 in the presence of AN-233 (Lee et al., 

2014; Travassos et al., 2017). Upon induction of K562 cells with the prodrug, we 

assessed changes in the expression of NRF2 and its competitive inhibitor BTB and CNC 

homology 1 (BACH1) (Yu et al., 2019; Zhu, Li & Pace, 2017; Zhu, Xi, Thomas & Pace, 

2018). Protein analyses of K562 cells induced with the prodrug showed elevated levels of 

NRF2 in a dose-dependent manner (0.125 – 0.25 mM, Figure 13). This effect was likely 

due to increased heme and not due to cytotoxic stress of cells, since the cells used for the 

study were of viability of >90%. 
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Figure 13. AN-233 dose-dependently upregulates NRF2 in treated K562 cells. K562 cells 

were induced with the prodrug AN-233 for 48 h and thereafter analyzed for NRF2 levels. 

All data are shown as the mean ± SEM (n=3 per group). *p<0.05 was considered 

statistically significant. Shown is a representative blot (upper) and quantitative data 

(lower) for NRF2 after AN-233 treatment. Data was normalized by beta-actin. UT, 

untreated. 

 

We further determined changes in the levels of BACH1, a NRF2 inhibitor. We observed 

as shown in figure 14, significant reductions in the expression levels of BACH1 in cells 

induced with AN-233. In addition, decreased BACH1 expression was observed in 

response to AN-233 in a dose-dependent manner. 
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Figure 14. AN-233 decreased BACH1 expression in treated K562 cells. K562 cells were 

induced with the prodrug AN-233 for 48 h and thereafter analyzed for BACH1 levels. All 

data are shown as the mean ± SEM (n=3 per group). *p<0.05 was considered statistically 

significant; data was normalized by beta-actin. Shown is Western blot images (upper) and 

quantitative data (lower) from analyses of whole cell lysates from AN-233 treated K562 

cells. UT, untreated.  

 

Although we found alterations in the expression levels of BCL11A as well as KLF1 

(appendix B), we propose that the main mechanisms of action of the prodrug in K562 
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cells involve increased heme biosynthesis, inhibition of HRI, inactivation of eIF2α and 

p38 MAPK activation. 

 

 

Effect of AN-233 on HbF induction in human umbilical cord-blood derived 

erythroid progenitors. 

The ability of AN-233 to induce γ-globin expression and to increase HbF protein 

synthesis was investigated further in other model systems of erythroid progenitors. To 

this end, we used immortalized human erythroid progenitors derived from CD34+ stem 

cells umbilical cord blood (HuDEP cells). The immortalized cells were developed with 

the capability of induction to undergo terminal erythroid differentiation (Kurita et al., 

2013). The cells were cultured in 2-phase liquid culture system. Phase 1 (day 0-7) of the 

culture was in StemSpam SFEM medium (StemCell Technologies) to expand/proliferate 

the cells. Phase 2 of the liquid culture system was in IMDM media to enable 

differentiation of the cells. HuDEP1 cells were induced with experimental and control 

drugs for 48 h. Total RNA was extracted to perform RT-qPCR analyses. Like K562 cells, 

HuDEP1 cells also showed significant increase in the expression of γ-globin gene as 

shown in Figure 15.  

 

 

 



 

 

43 

 

 

Figure 15. AN-233 significantly elevated γ-globin gene expression in HuDEP 1 cells. 

HuDEP1 cells were induced with the prodrug AN-233 for 48 h and thereafter analyzed 

for γ-globin mRNA levels. All data are shown as the mean ± SEM (n=3 per group). 

*p<0.05 was considered statistically significant. UT, untreated. Shown is mRNA levels 

as analyzed by RT-qPCR for γ-globin gene.  

 

We next, performed Western blot to determine protein expression levels of HbF. We 

observed modest increase in the levels of HbF upon treatment of cells with AN-233 as 

indicated in Figure 16. Of note, determination of the viability of HuDEP1 cells during 

culture showed a relatively lower viability compared to K562 cells with the mean cell 

viability of HuDEP1 at 73% compared to over 90% measured from K562 cells. 
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Figure 16. AN-233 increased protein synthesis of HbF in HuDEP 1 cells. Whole cell 

lysates from treated cells were analyzed by WB for levels of HbF protein production. 

HuDEP1 cells were induced at day 8 of cell culture with AN-233 for 48 h and thereafter 

whole cell lysates were analyzed for HbF protein levels. All data are shown as the mean 

± SEM (n=3 per group). *p<0.05 was considered statistically significant. Shown is a 

representative Western blot (upper) and quantitative data (lower) for HbF after AN-233 

treatment. Data was normalized by tubulin. UT, untreated. 

 

 

These data support the ability of the prodrug AN-233 to also induce γ-globin gene 

expression as well as increase protein synthesis of HbF in human umbilical cord blood 

derived erythroid progenitors HuDEP1. 
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Effect of the prodrug AN-233 to induce HbF in CD34+ stem cell-derived normal 

primary cells. 

To transition to a more physiologically relevant model system of erythroid progenitors, 

we used CD34+ stem cells obtained from healthy volunteers. CD34 is a glycoprotein 

expressed on most hematopoietic cells and is well established as a marker for identifying 

cells with the capacity to generate hematopoietic progenitor cells. CD34+ stem cells not 

only self-renew, by virtue of their multipotentiality, but also produce mature blood cells  

(Krause, Fackler, Civin & May, 1996; Morel, Szilvassy, Travis, Chen & Galy, 1996; Pei, 

1999). Differentiation of CD34+ stem cells, through the process of erythropoiesis, 

produce different erythroid cells at various stages of maturation to eventually generate 

enucleated reticulocytes which mature into red blood cells (Yu et al., 2013). Typically, 

erythroid cell maturation generates early erythroid cells or basophilic erythroblasts, 

polychromatophilic erythroblasts, orthochromatophilic erythroblasts and reticulocytes 

and finally mature erythrocytes (Dzierzak & Philipsen, 2013). 

We sought to determine the influence of AN-233 on the maturation of CD34+ stem cells-

derived primary cells. Upon differentiation of stem cells using 2-phase liquid culture 

system, we induced the differentiating cells with the prodrug, along with control drugs, at 

day 8 of the 2-phase culture for 48 h. After induction, we prepared smears of treated cells 

and performed Giemsa staining of the slides for characterization of erythroid maturation 

of differentiated cells. Interestingly, Giemsa staining revealed that different erythroid 

maturation stages were markedly different from the control conditions as shown in figure 

17. 
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Figure 17. AN-233 increased the number of cells in earlier stages of erythroid maturation. 

Normal primary erythroid cells derived from CD34+ stem cells were induced with the 

prodrug AN-233 for 48 h and thereafter examined for morphological characteristics by 

Giemsa staining and microscopy. UT, untreated. 

 

 

Compared to UT (untreated) controls, the cells treated with AN-233 had more cells in the 

earlier stages of erythroid maturation with morphological features characteristics of 

basophilic erythroblasts (Table 3). Similarly, HU-treated conditions showed more 

erythroid cells in the early stages of maturation. The number of erythroid cells in early 

maturation stages were much less in the ALA treatment group compared to other 

treatment groups.  
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Statistical analysis showed significant differences in cell populations of the different 

erythroid maturation stages between various groups. Treatment of AN-233 did not 

significantly change the number of mononuclear cells or reticulocytes/RBCs (table 3). 

However, the prodrug significantly decreased the number of late erythroid maturation 

stage of orthochromatophilic erythroblasts. In contrast, AN-233 significantly elevated the 

early erythroid maturation stage of basophilic erythroblasts (BE) compared to controls. 

Of note, HU significantly elevated the number of early erythroid BE stage of maturation. 

Taken together, these data demonstrate that the prodrug alters erythroid cell development 

by delaying the progression of cell maturation. These alterations in erythroid maturation 

kinetics likely contributes to the ability of the prodrug to induce HbF. 
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Table 3: Summary of erythroid progenitors under the different treatment condition by 

Geimsa stain. *p<0.05 was considered statistically significant, n=3). 
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Table 4: Cell viability of AN233-treated primary erythroid progenitors 

 

 

 

 

 

 

 

 

Cell viability of AN233-treated primary erythroid progenitors 

Group %Viability ± SEM 

1) Untreated 93± 1.15 

2) Hemin 83 ± 5.85 

3) Hydroxyurea (HU) 84.5 ± 0.50 

4)EtOH (0.0008%) 89.4 ± 4.22 

5) AN233 (0.125 mM) 85 ± 3.60 

6) EtOH (0.0016%) 73.3 ± 9.90 

7) AN233 (0.25 mM) 82.7 ± 2.85 

8)EtOH (0.0032%) 81.5 ± 6.50 

9) AN233 (0.5 mM) 79.5 ± 3.50 
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 We also tested the effect of AN-233 on the induction of γ-globin gene and HbF synthesis 

in CD34+ stem cell-derived erythroid progenitors. Using RT-qPCR analysis of 

(un)treated cells, we found 0.125mM and 0.5mM AN-233 treatment increased γ-globin 

mRNA levels by 1.3 and 4.86 fold respectively when compared to their controls 

(0.125mM AN-233 vs 0.0008% ethanol and 0.5mM AN-233 vs 0.0032% ethanol) shown 

in Figure 18. However, we did not observe an increase in γ-globin mRNA levels with the 

0.25 mM dose of AN-233. The positive controls hemin and HU increased γ-globin 

mRNA gene expression by 1.3 and 1.6 fold over UT groups – an increase not as high as 

expected. From FACS analysis shown in Figure 19, we found 0.25mM and 0.5mM AN-

233 increased F-cells% by 2.02 and 2.15 fold respectively. The lowest dose of 0.125 mM 

AN-233 did not increase the HbF%. The positive controls, hemin and HU had very 

significant effect on HbF%, i.e. increased HbF% by as much as 9.7 and 4.6 fold 

respectively. The variations in HbF induction by 0.125 and 0.25 mM AN-233 observed in 

normal primary cells may be reflective of donor to donor stem cell variability (Morita, 

Ema & Nakauchi, 2010; Wineman, Moore, Lemischka & Muller-Sieburg, 1996). 
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Figure 18. AN-233 induces γ-globin gene expression in CD34+ stem cell derived normal 

primary erythroid cells. Cells were induced with the prodrug AN-233 at day 8 of 2-phase 

culture for 48 h and thereafter analyzed by RT-qPCR. All data are shown as the mean ± 

SEM (n=3 per group). *p<0.05 was considered statistically significant. Shown is 

quantitative data for γ-globin mRNA. Data was normalized by GAPDH. UT, untreated. 
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Figure 19. AN-233 elevates the expression of HbF protein in CD34+ stem cell derived 

normal primary erythroid cells. Normal primary cells induced for 48 h with AN-233 or 

controls. Induced cells were stained with HbF antibody conjugated to FITC fluorochrome 

and analyzed by flow cytometry; Data are shown as the mean± standard error of the mean 

(SEM), *p<0.05 was considered statistically significant. Shown are F-cell% (HbF+ve 

K562 cells) which stained positive for FITC-anti HbF antibody (n=3).  
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Effects of the prodrug AN-233 on HbF induction in patient-derived sickle 

progenitors 

To further investigate the potency of AN-233 on HbF in a more physiologically relevant 

model system, we obtained peripheral blood from patients with sickle cell disease. 

Peripheral blood mononuclear cells (PBMCs) were isolated from the patients' blood and 

differentiated into erythroid progenitors. Then, we determined the effects of AN-233 drug 

treatment on HbF expression in sickle erythroid progenitors. We found AN-233 (0.125 

and 0.25mM) significantly increased %F-cells from 16.31% to 25.01% and 25.15% 

respectively as shown in Figure 20.  In addition, HbF measured by mean fluorescence 

intensity (MFI) increased by 1.48- and 1.52-fold (Figure 21). Shown in Figure 22 are 

representative histograms of HbF-positive sickle progenitors after drug induction for 48 

h. AN-233 increased the population of cells that are positive for HbF. 
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Figure 20: AN-233 significantly increased F-cell% in sickle erythroid cells. A second lot 

of AN-233 was synthesized and dissolved in water vehicle for these studies. Sickle 

erythroid progenitors were derived from PBMCs isolated from blood samples in a two-

phase liquid culture system. Primary sickle erythroid progenitors were treated on day 8 

with the different agents for 48 h and then harvested for analyses. All data are shown as 

the mean ± SEM (n=3 per group). *p<0.05 was considered statistically significant. 

Shown are F-cell levels were determined by flow cytometry  
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Figure 21: AN-233 significantly increased MFI in sickle erythroid cells. A second lot of 

AN-233 was synthesized and dissolved in water vehicle for these studies. Sickle 

erythroid progenitors were derived from PBMCs isolated from blood samples in a two-

phase liquid culture system. Primary sickle erythroid progenitors were treated on day 8 of 

culture with different agents for 48 h and then harvested for flow cytometry analyses. All 

data are shown as the mean ± SEM (n=3 per group). *p<0.05 was considered statistically 

significant. Shown is the level of HbF was measured by MFI generated by FlowJo 

software data analyses.  
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Figure 22: AN-233 significantly increased populations of HbF-positive sickle erythroid 

progenitors. A second lot of AN-233 was synthesized and dissolved in water vehicle for 

these studies. Sickle erythroid progenitors were derived from PBMCs isolated from blood 

samples in a two-phase liquid culture system. Sickle erythroid progenitors were treated 

on day 8 with the different agents for 48 h and then harvested for flow cytometry 

analyses. All data are shown as the mean ± SEM (n=3 per group). *p<0.05 was 

considered statistically significant. Shown are representative histograms from flow 

cytometry analysis of sickle erythroid precursors stained with FITC-HbF antibody.  
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For the effect of the prodrug on total protein synthesis of HbF, we extracted whole cell 

lysates from sickle progenitors induced with AN-233. Protein lysates were analyzed by 

Western blotting for levels of HbF. We observed as shown in  (figures 23 & 24) 0.125 

and 0.25mM AN-233 significantly increased HbF protein by 2.12 and 2.63-fold (p<0.05) 

respectively. There were no changes in HbS expression when sickle progenitors were 

induced with AN-233. 

 

 

Figure 23. AN-233 increased HbF protein synthesis without altering HbS levels. Primary 

sickle erythroid progenitors were treated on day 8 with the different agents for 48 h and 

then harvested for analyses. Total protein lysates were isolated and analyzed by Western 

blot for HbF and HbS; β-actin was used as the loading control.  All data are shown as the 

mean ± SEM (n=3 per group). *p<0.05 was considered statistically significant. Shown 

are representative Western blot images. 
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Figure 24. AN-233 did not affect HbS levels but significantly elevated HbF protein 

synthesis in sickle erythroid cells. Primary sickle erythroid progenitors were treated on 

day 8 with the different agents for 48 h and then harvested for analyses. All data are 

shown as the mean ± SEM (n=3 per group). *p<0.05 was considered statistically 

significant. Total protein lysates were isolated and used for Western blot for HbF and 

HbS; β-actin was the loading control.  Shown is the quantitative data generated by 

densitometry. 

 

These data confirm the ability of the prodrug to induce HbF in normal primary and sickle 

erythroid progenitors. Our observations of AN-233 mediated HbF induction in cell lines 

and normal primary cells show the effect of the prodrug is not only replicated but also 

reproducible in erythroid cells of different origins. Cell viability assessment indicate the 

prodrug was better tolerated by normal primary cells and sickle progenitors compared to 

K562 cell lines. 
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Our findings from sickle progenitors reveal a more potent effect of the prodrug than the 

results from earlier models used in the studies. Furthermore, observations from our 

studies conducted in sickle progenitors, which show robust induction of HbF without 

affecting HbS levels are of greater physiological relevance to patients with sickle cell 

disease. 

 

Influence of AN-233 on acetylation of histones in erythroid progenitors 

Studies reported by our group and others had indicated BA modulate histone acetylation 

as part of it mechanism of action (Fathallah, Weinberg, Galperin, Sutton & Atweh, 2007; 

Pace et al., 2003; Riggs, Whittaker, Neumann & Ingram, 1977). More recently, additional 

studies show evidence for the acetylation of histone H3 and H4 but not H2A as some of 

the effects of the actions of BA (Goudarzi et al., 2016; Terova, Diaz, Rimoldi, Ceccotti, 

Gliozheni & Piferrer, 2016). Being that the prodrug AN-233 contains BA as one of its 

major components, we sought to evaluate changes in histone acetylation levels in 

response to AN-233. 

We induced sickle progenitors with AN-233 on day 8 of culture for 48 h. We extracted 

and analyzed nuclear fractions from treated cells for histone acetylation. We observed an 

increased level of acetylation of histone H3 (AcH3) upon drug induction with AN-233, 

suggesting a genome-wide increase in histone acetylation by the prodrug.  
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Figure 25: AN-233 induced genome-wide increase of histone H3 acetylation. Sickle 

erythroid progenitors were induced at day 8 of culture under the different conditions for 

48 h (n=3 per group). Nuclear protein lysates were isolated from treated sickle erythroid 

precursors and used for Western blot analysis of total and acetylated histone H3 (AcH3) 

levels. Shown is a representative Western blot images for histone acetylation and total 

histone H3 was used as the loading control. *p<0.05 was considered statistically 

significant. 
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Effect of histone acetylation on gene promoter activity 

To determine the chromosomal locations of enhanced acetylation in response to AN-233, 

we performed ChIP assay using samples from sickle progenitors induced with the 

prodrug. Selected primers used for the assay were designed to target specific gene regions 

of the γ-globin promoter, the Locus Control Region Hypersensitive Site 2 (LCR-HS2) 

and β-globin promoter region.  

We found as shown in Figure 26, that AN-233 mediated a 12- and 30-fold higher 

enrichment for AcH3 in the γ-globin promoter in a dose-dependent manner, compared to 

IgG control studies. We also observed that AcH4 levels were significantly increased by 

AN-233 at the γ-globin promoter. At the locus control region DNAse I hypersensitive site 

2, we found as shown in figure 27, that 0.25mM AN-233 produced a 12.5- and 5-fold 

increase in AcH3 and AcH4 respectively. By contrast, there were no significant changes 

in histone acetylation observed in the β-globin promoter (Figure 28). 
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Figure 26. AN-233 significantly elevated AcH3 and AcH4 at the γ-globin promoter 

region. Sickle erythroid progenitors were induced at day 8 of culture with AN-233 and 

controls for 48 h. ChIP assay was conducted for AcH3 and AcH4 at the γ-globin gene 

promoter. IgG was used as pull down control. Shown is enrichment of AcH3 and AcH4 

at the proximal γ-globin gene promoter. n=3 per group and *p<0.05 was considered 

statistically significant. 
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Figure 27. AN-233 significantly elevated AcH3 and AcH4 at the locus control region 

DNAse I hypersensitivity site 2 (LCR-HS2). Sickle erythroid progenitors were induced at 

day 8 of culture with AN-233 and controls for 48 h. ChIP assay was conducted to analyze 

for AcH3 and AcH4 at the LCR-HS2. IgG was used as pull down control. Shown is 

enrichment of AcH3 and AcH4 at the LCR-HS2; n=3 per group and *p<0.05 was 

considered statistically significant. 
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Figure 28. AN-233 did not change AcH3 and AcH4 at the β-globin promoter region. 

Sickle erythroid progenitors were induced at day 8 of culture with AN-233 and controls 

for 48 h. Induced cells were used for ChIP assay to analyze for AcH3 and AcH4 at the β-

globin promoter region. IgG was used as pull down control. Shown in the graph are 

AcH3 and AcH4 levels at the β-globin promoter region; n=3 per group and *p<0.05 was 

considered statistically significant. 

 

 

 

 

 



 

 

65 

 

Inhibitory effect of AN-233 on sickling of erythroid progenitors 

The varied complications of sickle cell disease develop mainly from the partially 

reversible polymerization of sickle hemoglobin (Bauer, 1940; Emmel, 1917 & Mason, 

1985). Investigation of experimental compounds as HbF inducers are increasingly being 

evaluated for their ability to inhibit the polymerization of hemoglobin. The anti-sickling 

feature could prevent the formation of abnormal shape or sickling of erythroid cells upon 

deoxygenation (Dufu & Oksenberg, 2018; Rab et al., 2019; Zhang et al., 2018). Upon 

induction of HbF, it is logical to expect the prodrug to inhibit polymerization of sickle 

hemoglobin. Thus, preventing the formation of hemoglobin polymers would decrease the 

sickling of erythroid cells under hypoxic conditions. 

To explore the effect of AN-233 on the phenomenon of sickling, we induced sickle 

progenitors with the prodrug for 48 h. Then the treated cells were incubated under 

hypoxia (2%) oxygen to induce the formation of sickled cells. Interestingly, analyses of 

induced cells for percentage sickling showed as indicated in figure 29, reduced levels of 

sickled cells upon treatment with AN-233.  Statistical analyses of counted cells from  ≥5 

fields and total of 1000 cells show that AN-233 reduced the percentage of sickled 

erythroid progenitors by 49-56% (p<0.05), see Figure 30. Effect of AN-233 was 

comparable to HU. 
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Figure 29. AN-233 exerts anti-sickling effects on sickle progenitors.   

Erythroid progenitors were treated with the various drugs  at day 8 of culture for 48 h and 

thereafter incubated in hypoxic condition (2% oxygen) for 24 h. Cells were fixed in 2% 

formaldehyde and number of sickle-shaped erythroid progenitors counted by light 

microscopy. Shown are images of sickle precursors for different conditions 
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Figure 30. AN-233 significantly reduced the percentage of sickled erythroid progenitors.  

Sickle progenitors were treated with the AN-233 or HU for 48 h and then incubated in 

hypoxia (2%) for 24 h. Treated cells were fixed in 2% formaldehyde and the percentage 

of sickle-shaped erythroid progenitors was determined microscopically. Shown is 

summary of quantitative data for 1000 cells per triplicate for individual donors. Data 

shows the mean ± SEM (n=5 per group). *p<0.05 was considered statistically significant. 

 

The inhibition of the sickling of erythroid cells by AN-233 underscores the potential 

therapeutic benefit the prodrug could have for SCD patients.  
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The preclinical efficacy of the prodrug AN-233 in mice 

We evaluated the in vivo potential of AN-233 using the preclinical β-YAC mouse model 

established with the entire human β-globin locus, which undergoes γ-globin to β-globin 

switching during development (Pace, Li, Peterson & Stamatoyannopoulos, 1994; 

Peterson et al., 1993). At the adult stage of β-YAC mice, the γ-globin gene is silenced. 

This downregulation of γ-globin gene in adult β-YAC mice mimics the developmental 

regulation of γ-globin expression in humans (Collins & Weissman, 1984; Darling, Smith, 

Asmussen & Cohen, 1941; Forrester, Thompson, Elder & Groudine, 1986). 

We performed drug treatment of male and female mice of wide age range between 4 and 

7 months old (Appendix B). Each treatment condition composed of 5 mice per group.  

Mice were treated by intraperitoneal injection 5 times a week according to the protocol in 

Figure 31. 

 

 

Figure 31. AN-233 drug treatment protocol of β-YAC transgenic mice. To assess the in 

vivo effect of AN-233 dissolved in water, β-YAC transgenic mice were treated with 200 

or 300 mg/kg of AN-233 for 4 weeks by intraperitoneal injections; water (vehicle) and 

hydroxyurea (HU) treatments were included as controls (n=5 per group).   
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Mouse weights were monitored at regular intervals over the drug treatment period at 

weeks 0, 2 & 4. There were no adverse events nor signs of drug toxicity. Mice remained 

healthy throughout the drug treatment period. Normal body weights maintained in all 

groups over the entire 4-week drug treatment period (Appendix B, Figure 3). At weeks 0, 

2 & 4, peripheral blood was collected from treated mice by tail bleed for complete blood 

count (CBC) and analyses by flow cytometry for % reticulocytes, F-cell% and MFI. HU 

treatment produced a decrease in Hb, hematocrit, platelet count and total white cell 

counts over the 4-week treatment period. By contrast, water-treated mice had no 

significant change in blood counts. Treatment with AN-233 at both doses produced a 

mild decrease in Hb, hematocrit and total white blood cell count, but the platelet count 

remained normal (see Tables 5 & 6).   
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Table 5. Summary of complete blood count for water and HU treated mice (n=5 per 

group). 
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Table 6. Summary of complete blood count for AN-233 treated mice (n=5 per group). 
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To gain insights into the effects of AN-233 on erythropoiesis we determined % 

reticulocytes by acridine orange staining and flow cytometry. Treatment with AN-233 at 

300 mg/kg significantly increased reticulocytes by 1.8-fold (p<0.05) compared to a 1.9-

fold increase for HU (Figure 32) suggesting that AN-233 stimulated erythropoiesis in 

vivo. Compared to HU, the prodrug AN-233 has a mild effect on the bone marrow as HU 

is known to exert myelosuppressive effect.  

Lastly, as shown in  figure 33, the %F-cells increased 3.4-fold in mice treated with 200 

mg/kg AN-233 (from 15.46 to 52.4%) while 300 mg/kg increased F-cells 4.5-fold (from 

8.54 to 38.64%). As expected, F-cell% was increased by HU (3.5fold).  Similarly, the 

HbF level measured by MFI increased 1.4-fold and 1.7-fold at the two doses (figure 34). 

Analysis of variance showed significant difference between vehicle and drug treatment 

groups at week 4 for reticulocytes, F-cells and MFI, supporting the ability of AN-233 to 

induce HbF in vivo. 
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Figure 32. AN-233 stimulates erythropoiesis in β-YAC transgenic mouse model. To 

assess the in vivo effect of AN-233 dissolved in water, β-YAC transgenic mice were 

treated with 200 or 300 mg/kg of AN-233 for 4 weeks by intraperitoneal injections; water 

(vehicle) and hydroxyurea (HU) treatments were completed as controls (n=5 per group). 

Blood samples collected at week 0, 2 and 4 were stained with acridine orange for 

reticulocyte percent by flow cytometry. Data are shown as the mean ± SEM; *p<0.05 was 

considered significant. 
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Figure 33. AN-233 significantly elevated F-cell% in treated β-YAC transgenic mouse 

model. To assess the in vivo effect of AN-233 (dissolved in water), β-YAC transgenic 

mice were treated with 200 or 300 mg/kg of AN-233 for 4 weeks by intraperitoneal 

injections; water (vehicle) and HU treatments were completed as controls (n=5 per 

group). Peripheral blood were stained with anti-HbF antibody and flow cytometry 

preformed to quantify the %F-cells by FlowJo data analysis. *p<0.05 was considered 

significant; exact p-values are shown for significant changes. 
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Figure 34. AN-233 significantly increased MFI in treated β-YAC transgenic mouse 

model. β-YAC transgenic mice were treated with 200 or 300 mg/kg of AN-233 for 4 

weeks by intraperitoneal injections; water (vehicle) and HU treatments were completed 

as controls (n=5 per group). Blood samples collected at week 0, 2 and 4 stained with 

HbF-FITC conjugated antibody and analyzed by flow cytometry. The level of HbF 

expression was measured by MFI quantitative data. *p<0.05 was considered significant; 

exact p-values are shown for significant changes. 
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IV. DISCUSSION 

 

Since the first publication on SCD by James B. Herrick in 1910 described a patient with 

peculiar elongated sickle-shaped red blood corpuscles in a case of severe anemia 

(Herrick, 1910 & Serjeant, 2001). Mechanisms of SCD have been poorly understood 

until recently. Research studies revealed SCD as the first genetic disease linked to a 

specific mutant protein (Modell & Darlison, 2008). Although the illness has been 

described over a century ago, SCD has remained a global public health burden with more 

than 330,000 infants born annually (Piel, Hay, Gupta, Weatherall & Williams, 2013; 

Ware, de Montalembert, Tshilolo & Abboud, 2017). 

Induction of HbF with pharmacological agents has been proposed as one of the most 

effective treatments for SCD (Piel, Hay, Gupta, Weatherall & Williams, 2013; Telen, 

2016). Over the last three decades, a significant number of pharmacologic agents have 

been tested and shown to display HbF inducing properties in vitro, but few have 

translated into clinical efficacy. However, induction of HbF expression by small 

molecules is an important therapeutic approach for treatment of the SCD and continues to 

be an intense area of investigation. Agents such as 5-azacytidine (Ley et al., 1983), 

decitabine (Saunthararajah et al., 2003), arginine butyrate (Perrine et al., 1993), and short 

chain fatty acid derivatives (Fucharoen et al., 2013) were shown to induce HbF in clinical 

trials. These drugs act by diverse mechanisms including inhibition of DNA methyl 

transferases and histone deacetylases, enhanced DNA binding of trans-acting 

transcription factors and cell signaling activation. Recent studies of oral decitabine and 

tetrahydrouridine, showed HbF induction in a Phase 1 clinical trial. Side effects related to 
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bone marrow suppression such as febrile neutropenia remains problematic for the use of 

decitabine. Thus, the need for better therapies remains. For over two decades, only 

available FDA-approved drug proven to induce HbF has been HU and its efficacy has 

also been limited by side effects (Telen, 2017). Several other agents with potential for 

inducing HbF have been reported in literature but factors such as toxicity and route of 

administration have hindered their applicability (DeSimone et al., 2002; Koshy et al., 

2000; Reid et al., 2014; Timson, 1975). In this study, we report a novel prodrug 

compound AN-233 formulated by Nudelman and colleagues is a promising 

pharmacological agent for SCD treatment (Berkovitch-Luria, Weitman, Nudelman, 

Rephaeli & Malik, 2012; Berkovitch, Doron, Nudelman, Malik & Rephaeli, 2008). The 

prodrug AN-233 was being investigated for possible application in treating other diseases 

such as cancer and a skin disease. We found the prodrug to be of very interesting 

composition of BA and ALA that could be of very significant benefits to SCD patients 

(Faller & Perrine, 1995; Malik, Lugaci & Hanania, 1988). After intracellular hydrolysis 

of AN-233, two active compounds BA and ALA are released. Exogenous supply of ALA 

could stimulate heme biosynthesis which plays regulatory roles in the expression of a 

number of erythroid specific genes as well as stimulate hemoglobin production 

(Chiabrando, Mercurio & Tolosano, 2014; Liu et al., 2007). The prodrug as an ester 

releases its active component compound upon hydrolytic breakdown by intracellular 

esterase (Aviram, Zimrah, Shaklai, Nudelman & Rephaeli, 1994). Butyrate has been 

extensively studied and proven to induce HbF but it is limited by intravenous 

administration. A prodrug combination of BA and a precursor of heme, ALA, promises to 
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be of very beneficial application in hematologic diseases. Moreover, AN-233 is well 

tolerated and also effective when given by oral administration (Rephaeli et al., 2016). 

Our study investigated the effects of AN-233 in HbF induction. We demonstrated AN-

233 as HbF inducer not only in cell lines but also in normal primary cells. Furthermore, 

our studies were reproduced in erythroid progenitors obtained from patients with sickle 

cell disease. Additionally, we identified a number of signaling targets which are involved 

in the mechanism of action of the prodrug. Lastly, we showed the prodrug is able to 

induce HbF in vivo.  

 

Study findings under aim 1; determination of the potential of AN-233 to induce HbF 

in models of erythroid progenitors. 

Initial studies of AN-233 were performed in K562 cell line. These cells have been shown 

to display characteristics of erythroid cells and they express glycophorin, heme globin 

chains and ferritin (Cioe, McNab, Hubbell, Meo, Curtis & Rovera, 1981; Rutherford, 

Clegg, Higgs, Jones, Thompson & Weatherall, 1981). This model of erythroid cells has 

served as an excellent model system for drug screening and the cells express the genes 

for embryonic and fetal hemoglobin (Bianchi, Chiarabelli, Borgatti, Mischiati, Fibach & 

Gambari, 2001; Bianchi et al., 2000; Ward, Li & Pace, 2016). We found the K562 model 

system to be very adequate to prove the initial concept of our study. We observed that at 

a concentration as low as 0.125 mM, AN-233 was sufficient to have an effect on gene 

expression and increase HbF protein synthesis. Thus, we performed most of the 

experiments at 0.125 and 0.25 mM concentrations. We did observe a dose dependent 

increase in HbF protein production; treatment of cells with a higher concentration like 0.5 
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mM AN-233 resulted in a further increase in HbF protein production. We monitored 

levels of protein synthesis to confirm changes observed at the γ-globin gene expression 

level. 

Gene and protein expression analyses of revealed that γ-globin mRNA was significantly 

elevated by up to 1.9 fold by AN-233 treatment (0.25 mM) and protein synthesis was 

further elevated upon quantification of changes at the translational level to as high 3.9 

fold. Thus, suggesting additional effects occurring at the posttranscriptional levels. The 

additional increase observed in protein expression agrees with published reports on the 

effects of butyrate in enhancing translational efficiency of mRNA (Cook, Schwartz, 

Fausel & Chiu, 1985; Weinberg et al., 2005). Heme, the product of ALA, has also been 

shown to accelerate globin mRNA translation (Beuzard & London, 1974; Maniatis, 

Ramirez, Cann, Marks & Bank, 1976). Thus, the hydrolytic products of AN-233 is likely 

acting to stimulate the reactivation of γ-globin mRNA expression as well as to enhance 

the translational efficiency of the mRNA. 

The immortalized K562 cells derived from a chronic myeloid leukemia patient in blast 

crisis (Klein et al., 1976; Lozzio & Lozzio, 1977) - possess characteristics which make 

them suitable for basic studies of γ-globin gene regulation (Gambari, 1982). However, 

they arguably possess inherent features that make them different from primary erythroid 

cells (Komatsu, 2004). Observations made in studies using K562 cell lines are, therefore, 

of limited interpretation and physiological relevance. A robust investigation of HbF 

inducers would thus need additional studies in erythroid cells which are at least capable 

of terminal differentiation to become mature red blood cells. 
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Significant efforts have been made to establish erythroid cell lines that can be induced to 

undergo terminal differentiation and thus mature into erythrocytes (Nakamura, 2008). 

Initial attempts were made to establish better erythroid model cells using mouse 

embryonic stem cells which generated five different cell lines that could differentiate into 

more mature erythroid cells including enucleated erythroid cells (Hiroyama, Miharada, 

Sudo, Danjo, Aoki & Nakamura, 2008). We sought a model system of erythroid cells, 

among the cell lines that were recently established, which can be maintained permanently 

and also be inducible to undergo terminal differentiation into more mature erythroid 

progenitors (Anstee, 2010; Giarratana et al., 2005; Hiroyama, Miharada, Kurita & 

Nakamura, 2011; Nakamura, Hiroyama, Miharada & Kurita, 2011; Neildez-Nguyen et 

al., 2002). The variability of their phenotypes posed a challenge to their applicability. 

The immortalized cells developed by the group of Kurita and colleagues (Kurita et al., 

2013) possessed features that were promising for use as a model system for erythroid cell 

lines with the capability of being differentiated into primary erythroid cells. The cells 

were obtained from CD34+ stem cells from human umbilical cord blood and termed 

Human Umbilical cord blood Derived Erythroid progenitors (HuDEP). The cells were 

immortalized by lentiviral transduction with HPV16-E6/E7 expression system (Hawley-

Nelson, Vousden, Hubbert, Lowy & Schiller, 1989; Melillo, Helin, Lowy & Schiller, 

1994). Three different HuDEP cell lines established, HuDEP1, HuDEP2 and HuDEP3, 

which reportedly express erythroid specific markers and are capable of enucleation to 

generate mature red blood cells. We found HuDEP1 as a more likely candidate for use in 

our system because of its expression levels of γ- and β-globin genes. Induction studies 

with AN-233 did confirm reactivation of gamma globin gene as well as increase in the 
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protein synthesis of HbF. However, properties or growth characteristics of HuDEP1 in 

our culture system were not quite satisfactory. Moreover, the viability of the cells in 

maintenance culture was less than 80%. Therefore, we concluded that the use of HuDEP 

cell lines was very limited. 

We transitioned our investigation into human primary cell model system. Using CD34+ 

stem cells obtained from bone marrow of normal or healthy volunteers, we expanded and 

differentiated the cells in phases 1 and 2 of a two-phase culture system respectively 

(Ohene-Abuakwa, Orfali, Marius & Ball, 2005). Induction of differentiated cells with 

AN-233 also confirmed elevated levels of γ-globin and HbF at 0.5mM concentrations. 

However, the effects of 0125 mM and 0.25 mM concentrations of the prodrug were lower 

than we expected. In further investigating our prodrug, we conducted our studies in a 

more physiologically relevant system using actual erythroid progenitors carrying the A-

>T mutation that causes SCD (Ashley-Koch, Yang & Olney, 2000; Hoban et al., 2015). 

Therefore, to determine the efficacy of AN-233 in actual sickle erythroid cells, we 

generated erythroid progenitors in vitro. Peripheral blood mononuclear cells were 

isolated from de-identified samples drawn from chronic transfusion patients followed at 

Augusta University using an IRB Exempt protocol. We derived erythroid progenitors 

from sickle patients’ PBMCs using 2-phase liquid culture system. We observed a 

significantly increased level of γ-globin induction and elevation of HbF (> 2-fold 

induction) in treated sickle cells with AN-233. Interestingly, evaluation of changes in 

HbS protein levels revealed that the prodrug does not increase the protein carrying the 

sickle mutation. This observation is clinically very relevant as treatment with the drug 

could potentially reduce the concentration of HbS in red blood cells. 
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 Most drug induction studies adopt a 48 h incubation time period (Habibi, Atashi, Abroun 

& Noruzinia, 2019; Macari, Schaeffer, West & Lowrey, 2013). Our induction plan 

mostly evaluated the effect of AN-233 upon treatment for 48 h. However, we accessed 

the influence of time by varying the incubation period of treatment with AN-233. Though 

the effect of the prodrug occurred as early as 24 h in K562 cells, longer incubation time 

however further enhanced the effect of AN-233 in elevating HbF. 

Our studies of the prodrug in cell lines, normal primary erythroid cells and in sickle 

progenitors confirm the ability of AN-233 to induce γ-globin and elevate HbF protein. 

The additional increase of HbF induction at the protein level corroborates previous 

reports which support enhanced translational effects of BA and heme - the metabolic 

product of ALA. 

 

 

Study findings under aim 2; determination of the of mechanisms which underlies 

AN-233 mediated HbF induction. 

We report multiple targets involved in HbF induction due to treatment with AN-233. Like 

HU (Pule, Mowla, Novitzky, Wiysonge & Wonkam, 2015; Walker et al., 2011), we 

found the prodrug acts via transcriptional pathways as well as at posttranscriptional 

signaling steps. 

Upon the release of two active compounds from esterase-mediated hydrolysis of AN-233, 

we expected activation of pathways associated with BA and ALA. As predicted, we show 

the prodrug stimulates heme biosynthesis - which has been reported to increase 
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hemoglobin production. It is interesting that we observed that the precursor of hemin, 

ALA, significantly elevated hemin.  

The other targets found to be associated with the actions of AN-233 including p38, HRI, 

eIF2α, NRF2 and BACH1 show that the prodrug impacts a range of signaling pathways. 

Activation of multiple targets could be of concern like activation of some targets such as 

p38 MAPK. Over-activation of p38 has been linked to increased capillary leak which 

could predispose to development of acute chest syndrome. However, further investigation 

of AN-233 in a more physiologically relevant model of sickle progenitors did not show 

p38 activation despite a significant induction of HbF in this model. Activation of p38 

could thus be specific to K562 model system.  

Studies have shown that activation of the eIF2α stress pathway mediates HbF induction 

through post-transcriptional mechanisms. For example, salubrinal activates eIF2α 

signaling to enhance HbF production in primary human erythroid cells (Hahn, C.K. & 

Lowrey, C.H. (2014). Salubrinal selectively increased the number of actively translating 

ribosomes on γ-globin mRNA. Translational regulation of hemoglobin synthesis is 

mediated by HRI, which is an intracellular heme sensor that coordinates heme and globin 

synthesis during erythropoiesis (Chen, J.J., 2014).  In iron deficient states, HRI is 

activated and inhibits synthesis of globin chains and heme biosynthetic enzymes. The 

HRI-eIF2αP-ATF4 stress signaling pathway is important for regulating excess globin 

synthesis during erythropoiesis, and for adaptation to oxidative stress. Modulation of this 

signaling pathway with small chemicals may provide a novel therapy for SCD. 
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Although, we observed changes in negative regulators of γ-globin BCL11A and KLF1, 

our data strongly suggest that the prodrug mainly acts via elevation of heme biosynthesis, 

HRI inhibition and inactivation of eIF2α. Increased heme levels has been shown to 

induce heme-oxygenase 1 (HO1) which degrades heme molecule. HO1 is an antioxidant 

gene which is turned on by the transcription factor NRF2. Thus, increased heme levels 

likely turns on NRF2 as a downstream effect. 

 

Study findings under aim 3; determining the preclinical efficacy AN-233 in vivo. 

To translate novel HbF inducers into clinical trials requires evidence of efficacy in 

preclinical animal models. The in vivo safety and efficacy of oral AN-233 was previously 

explored in an anemic C57BL mouse model; mice were treated for 2 weeks, and up to 

400 mg/kg was tested without any drug toxicity (Rephaeli et al., 2016). Hemoglobin 

levels improved and tissue harvest 4 to 6 hours after one oral dose of AN-233 confirmed 

histone hyperacetylation in spleen tissue.  We treated β-YAC mice 5 days per week for 4 

weeks, without anti-proliferative effects on erythropoiesis. The β-YAC transgenic mouse 

model was established with a 248 kB human β-globin locus. We treated β-YAC mice for 

4 weeks with a drug dose of up to 300 mg/kg; and we did not notice any signs of drug 

toxicity. We report significantly increased synthesis of fetal hemoglobin in this transgenic 

mouse model.  

In comparing the prodrug with a mixture of its components, AN-233 was shown 

previously to have more robust effect than a mixture of BA and ALA. And unlike AN-

233, BA cannot be orally administered (Berkovitch-Luria et al., 2012). The additional 

increase in HbF induction over BA or ALA (or mixture of BA and ALA) could be due to 
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differences in the pharmacokinetic properties, especially the half-life, of the various 

compounds. The half-life of AN-233 has yet to be determined. However, related studies 

have reported some pharmacokinetics of BA and ALA. It is known that BA has a very 

short half-life of about 6 minutes (Miller et al., 1987). And similar reports showed that 

ALA has a relatively longer half-life of about 45 minutes (Dalton et al., 2002). The 

additional ester bond which conjugates BA and ALA in AN-233 might give the prodrug a 

pharmacokinetic advantage by extending the half-life of the prodrug longer than that of 

ALA and BA probably because of the additional esterase-dependent hydrolytic cleavage 

necessary for the release of the component BA and ALA in the prodrug. Additional 

studies of AN-233, including pharmacokinetics, are warranted. 
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V. SUMMARY 

 

The prodrug potently and reproducibly induced HbF across different models of erythroid 

cells. Apparently, both BA and ALA stimulated HbF synthesis via different mechanistic 

pathways. The formulation of the prodrug is indeed novel with two molecules of diverse 

and beneficial biological properties conjugated as one chemical entity. 

It is noteworthy, that all in vivo studies by us and others have not found any toxicity even 

at the highest dose tested. 

The prodrug AN-233 is a novel oral active conjugate of BA (histone deacetylase 

inhibitor) and ALA (heme precursor). The ability of AN-233 to activate γ-globin 

transcription, induce HbF and produce an anti-sickling effect underscores potential 

benefits of the prodrug as a therapeutic agent.  The data presented support further studies 

of AN-233 as a candidate drug for treatment of SCD. 
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APPENDIX B: APPENDIX A: AN-233 does not induce caspase 

3 mediated apoptosis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix A Figure 1. Western blot analysis of K562 cells to investigate the ability of 

AN-233 to induce apoptosis. K562 cells were treated with AN233 or controls for 48h 

(n=3 per group). Specific antibodies were used to probe for the presence of native or 

cleaved caspase 3 in protein lysates obtained from treated cells. Butyrate (BA, 0.125 

mM), δ-aminolevulinate (ALA, 0.125 mM), Hydroxyurea (HU, 100 uM), Hemin (50 

uM), Ethanol (EtOH, 0.01%), AN-233 (0.125 & 0.25mM). 
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APPENDIX B: AN-233 induced alterations in the expression of BCL11A (isoforms L, M 

and S) and KLF1. 

 

 

Appendix B: Figure 1. AN-233 induced alterations in BCL11A and KLF1 expression. 

Western blot analyses of whole cell lysates from AN-233 treated K562 cells show the 

prodrug altered the expression levels of large, medium and short isoforms of BCL11A. 

The extra large (XL) isoform of BCL11A was not detectable in the treated cells (n=3 per 

group). The expression levels of KLF1 apparently decreased with increased 

concentrations of AN-233.  
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Appendix B Figure 2. Age of β-YAC mice used in preclinical study of AN-233. Groups 

of mice used in in vivo investigation composed of male and female mice of 4 - 7 months 

of age (n=5 per group). 

Group Sex Age (months)

M 5

M 5

M 5

F 7

F 7

M 4

M 4

M 4

F 5

F 4

M 6

F 6

M 4

F 6

F 6

M 7

M 7

F 6

F 6

M 6

Veh_water
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AN233 (200 

mg/kg)

AN233 (300 

mg/kg)
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Appendix B Figure 3. Mouse weights during 4-week treatment. Β-YAC mice were 

treated with drugs and vehicle (water) for 4-weeks. The weight of mice were measured at 

weeks 0, 2 and 4 of in vivo study (n=5 per group). 
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Appendix B Figure 4. Effect of water treatment on complete blood counts. β-YAC mice 

were treated with drugs and vehicle (water) for 4-weeks and blood was collected by tail 

bleeding at week 0, 2 & 4. Abbreviations: WBC (white blood cells), Grans 

(Granulocytes), Lymps (lymphocytes), Mono (Monocytes) and Plts (Platelets) (n=5 per 

group). 
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Appendix B Figure 5. Effect of water on blood cell parameters. β-YAC mice were treated 

with drugs and vehicle (water) for 4-weeks and blood was collected by tail bleeding at 

week 0, 2 & 4. Abbreviations: RBC (Red Blood Cells), Hb (Hemoglobin), Hct% 

(percentage hematocrit), MCV (Mean Cell Volume), MCH (Mean Cell Hematocrit) and 

RDW (Red Cell Distribution Width) (n=5). 
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Appendix B Figure 6. Effect of hydroxyurea on blood cells. β-YAC mice were treated 

with drugs and vehicle (water) for 4-weeks and blood was collected by tail bleeding at 

week 0, 2 & 4. Abbreviations: WBC (white blood cells), Grans (Granulocytes), Lymps 

(lymphocytes), Mono (Monocytes) and Plts (Platelets) (n=5 per group). All data are 

shown as the mean ± SEM; *p<0.05 was considered statistically significant. 
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Appendix B Figure 7. Effects of HU on blood cell parameters. β-YAC mice were treated 

with drugs and vehicle (water) for 4-weeks and blood was collected by tail bleeding at 

week 0, 2 & 4. Abbreviations: RBC (Red Blood Cells), Hb (Hemoglobin), Hct% 

(percentage hematocrit), MCV (Mean Cell Volume), MCH (Mean Cell Hematocrit) and 

RDW (Red Cell Distribution Width). All data are shown as the mean ± SEM; *p<0.05 

was considered statistically significant (n=5 per group). 
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Appendix B Figure 8. Effect of AN-233 (200 mg/kg) on blood cells. β-YAC mice were 

treated with drugs and vehicle (water) for 4-weeks and blood was collected by tail 

bleeding at week 0, 2 & 4. Abbreviations: WBC (white blood cells), Grans 

(Granulocytes), Lymps (lymphocytes), Mono (Monocytes) and Plts (Platelets). All data 

are shown as the mean ± SEM; *p<0.05 was considered statistically significant (n=5 per 

group). 
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Appendix B Figure 9. Effects of AN-233 (200 mg/kg) on blood cell parameters. β-YAC 

mice were treated with drugs and vehicle (water) for 4-weeks and blood was collected by 

tail bleeding at week 0, 2 & 4. Abbreviations: RBC (Red Blood Cells), Hb (Hemoglobin), 

Hct% (percentage hematocrit), MCV (Mean Cell Volume), MCH (Mean Cell 

Hematocrit) and RDW (Red Cell Distribution Width). All data are shown as the mean ± 

SEM; *p<0.05 was considered statistically significant, (n=5 per group). 



 

 

 

115 

 

 

 
Appendix B Figure 10. Effect of AN-233 (300 mg/kg) on blood cells. β-YAC mice were 

treated with drugs and vehicle (water) for 4-weeks and blood was collected by tail 

bleeding at week 0, 2 & 4. Abbreviations: WBC (white blood cells), Grans 

(Granulocytes), Lymps (lymphocytes), Mono (Monocytes) and Plts (Platelets). All data 

are shown as the mean ± SEM; *p<0.05 was considered statistically significant, (n=5 per 

group). 
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Appendix B Figure 11. Effects of AN-233 (200 mg/kg) on blood cell parameters. β-YAC 

mice were treated with drugs and vehicle (water) for 4-weeks and blood was collected by 

tail bleeding at week 0, 2 & 4. Abbreviations: RBC (Red Blood Cells), Hb (Hemoglobin), 

Hct% (percentage hematocrit), MCV (Mean Cell Volume), MCH (Mean Cell 

Hematocrit) and RDW (Red Cell Distribution Width). All data are shown as the mean ± 

SEM; *p<0.05 was considered statistically significant, (n=5 per group). 

 

 


