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A B S T R A C T

Pharmacologic induction of fetal hemoglobin (HbF) is an effective strategy for treating sickle cell disease (SCD)
by ameliorating disease severity. Hydroxyurea is the only FDA-approved agent that induces HbF, but significant
non-responders and requirement for frequent monitoring of blood counts for drug toxicity limit clinical use-
fulness. Therefore, we investigated a novel prodrug conjugate of butyric acid (BA) and δ-aminolevulinate (ALA)
as a potential HbF inducing agent, using erythroid precursors and a preclinical β-YAC mouse model. We ob-
served significantly increased γ-globin gene transcription and HbF expression mediated by AN-233 in K562 cells.
Moreover, AN-233 stimulated mild heme biosynthesis and inhibited expression of heme-regulated eIF2α kinase
involved in silencing γ-globin expression. Studies using primary erythroid precursors generated from sickle
peripheral blood mononuclear cells verified the ability of AN-233 to induce HbF, increase histone H3 and H4
acetylation levels at the γ-globin promoter and reduce erythroid precursor sickling by 50%. Subsequent drug
treatment of β-YAC transgenic mice confirmed HbF induction in vivo by AN-233 through an increase in the
percentage of HbF positive red blood cells and HbF levels measured by flow cytometry. These data support the
potential development of AN-233 for the treatment of SCD.

1. Introduction

Sickle cell disease (SCD) is a group of hematologic disorders that
arise from mutations in the structural gene encoding a subunit of he-
moglobin (Hb). A single point mutation, A to T at the sixth codon of the
β-globin gene results in the production of HbS [1]. The homozygous
form of the mutation produces sickle cell anemia, in which HbS poly-
merizes under deoxygenated conditions leading to formation of sickle-
shaped red blood cells (RBCs). In the United States, approximately
100,000 individuals are affected with SCD and worldwide over 330,000
babies are born annually [2]. The different forms of SCD are char-
acterized by chronic hemolysis, anemia and impair blood flow by sickle
RBCs, leading to recurrent painful vaso-occlusive episodes and other
complications such as infection, acute chest, splenic sequestration, and
end organ damage [3,4].

The development of pharmacologic agents that induce HbF ex-
pression is an effective strategy for treating people with SCD because
HbF exerts anti-sickling effects through formation of HbS/HbF hybrid
molecules [5]. Studies from the Comprehensive Study of Sickle Cell
Disease demonstrated higher HbF levels improve long-term survival of
persons with sickle cell anemia [6]. After demonstrated efficacy in the
Multicenter Hydroxyurea Study, in 1998 hydroxyurea (HU) became the
only Food and Drug Administration-approved drug proven to induce
HbF in SCD patients. The use of HU is limited by a significant non-
responder rate, the need for close monitoring of blood counts for bone
marrow toxicity, infertility, and patient concerns with taking a che-
motherapy class agent [7,8]. Therefore, a need for the development of
additional less toxic and effective therapies exists.

Several groups have previously reported robust HbF induction in
SCD patients by the histone deacetylase inhibitor butyric acid (BA)
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[9–11], however rapid metabolism of BA when given by oral admin-
istration hindered clinical development. Subsequent studies by our
group and others demonstrated the ability of BA to activate p38 MAPK
signaling [12,13] and CREB1 phosphorylation to achieve γ-globin gene
trans-activation [14]. Individuals treated with intravenous BA showed
robust HbF induction [10], but continuous treatment produced anti-
proliferative effects in the bone marrow [11], requiring intermitted
drug dosing [9]. Clinical trials using the oral analogue dimethylbuty-
rate induced HbF in β-thalassemia patients, but proved less effective in
SCD [15].

To address the need for additional safe and effective oral HbF in-
ducers, we investigated a novel oral active conjugate of BA and δ-
aminolevulinate (ALA). The prodrug 1-(butyryloxy)ethyl-5-amino-4-
oxopentanoate (AN-233) undergoes intracellular hydrolysis in an es-
terase-dependent manner to yield two active drugs BA and ALA [16]
thus avoiding intra-hepatic drug inactivation. Oral administration of
the prodrug to anemic C57/BL6 mice increased total Hb levels [17], but
the effects of AN-233 on HbF was not previously tested. Therefore,
using K562 cells and sickle primary erythroid precursors, we demon-
strated HbF induction by AN-233 and observed an anti-sickling effect.
Mechanistic studies showed the ability of AN-233 to mediate hyper-
acetylation of histones in the γ-globin gene promoter, p38 MAPK
phosphorylation and heme biosynthesis to repress heme-regulated
eIF2α kinase (HRI) expression. Subsequent preclinical studies in β-YAC
transgenic mouse confirmed that AN-233 increased HbF levels and the
percent of HbF positive cells (F-cells) in vivo without significant anti-
proliferative effects in the bone marrow. These findings support the
potential development of AN-233 as an HbF inducer for SCD.

2. Materials and methods

2.1. Synthesis of AN-233 prodrug

The conjugate prodrug AN-233 was synthesized as a precursor
compound of BA attached to ALA with a protective BOC (tert-butylox-
ycarbonyl) group on the N terminal by Drs. Rephaeli and Nudelman
[16]. Purified AN-233 was obtained by the removal of the BOC pro-
tective group under acidic conditions to yield the acyloxyethyl esters of
ALA and BA. Synthesized AN-233 was made available with> 95%
purity in two lots. The first lot was reconstituted in 10% ethanol (ve-
hicle control) while the second lot was reconstituted in water for in vivo
studies to avoid potential toxicities in mice.

2.2. Tissue culture and reagents

K562 cells were cultured in Iscove's Modified Dulbecco medium
(IMDM) with 10% fetal bovine serum, penicillin (100 U/mL) and
streptomycin (0.1 mg/mL). Drug inductions for K562 cells were con-
ducted for 48 h and cell viability evaluated with 0.4% Trypan blue
exclusion. Cell counts were performed a dual chamber apparatus and
the percentage viability obtained using an Automated Cell Counter
(Bio-Rad).

For primary cultures, erythroid precursors were generated from
peripheral blood mononuclear cells isolated from discard blood of
sickle patients under an IRB exempt protocol. These cells were cultured
in a two-phase liquid culture system previously published by our group
[18]. During phase 1, cells were grown in Iscove's Dulecco Media with
15% fetal bovine serum, 15% human AB serum, 10ng/mL interleukin-
3, 50ng/mL stem cell factor and 2 IU/mL of erythropoietin (Peprotech,
Rocky Hill NJ). Phase 2 of culture initiated on day 7 with a similar
medium without stem cell factor and interleukin-3. On day 8, erythroid
precursors were treated with AN-233 (0.125mM and 0.25mM), ethanol
(EtOH; 0.0008% and 0.016%) and the positive control HU (100 μM) for
48 h and harvested for the various analyses.

2.3. Reverse transcription-quantitative PCR (RT-qPCR) analysis

Total RNA was extracted from cells using Trizol (Ambion, Carlsbad
CA) and analyzed by RT-qPCR as previously published by our group
[12]. Gene-specific primers were used to quantify mRNA levels for γ-
globin, β-globin and internal control glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH). All mRNA levels were normalized to GAPDH
before analysis.

2.4. Western blot analysis

Western blot analysis was performed as previously published by our
group [19] using whole cell lysates generated with RIPA buffer (Ther-
moScientific, Rockford, IL) supplemented with proteinase and phos-
phatase inhibitor cocktails. For histone acetylation studies, nuclear ly-
sates were prepared by suspending cells in buffer containing 20mM
HEPES, pH 7.9, 50mM KCl, 420mM NaCl, 0.1 mM EDTA, 1mM DTT,
10% glycerol and protease inhibitor mixture for 30min, followed by
centrifugation. Antibodies against HbF (51–7), HbA (37–8), and Tata
binding protein (TBP; N-12) were purchased from Santa Cruz Bio-
technology (Dallas TX); antibodies against β-actin (A5316) and rabbit
IgG (I8140) were purchased from Sigma (St. Louis MO). Acetylated
histone H3 (AcH3; 06–599) and AcH4 (06–866) antibodies were pur-
chased from Millipore (Burlington, MA).

2.5. Flow cytometry analysis

To measure percent HbF positive cells (F-cells), K562 cells and er-
ythroid precursors were fixed with 1% formaldehyde, permeabilized
with ice-cold acetone:methanol (4:1 ratio) and stained with fluorescein
isothiocyanate (FITC) anti-HbF antibody (ab19365, Abcam Cambridge
MA) and isotype control IgG antibody (MBS524511, MyBioSource, San
Diego CA) was used to detect non-specific staining. The F-cells levels
and HbF protein levels measured by mean fluorescence intensity (MFI)
were analyzed on an LSR-II flow cytometer (BD Biosciences, San Jose
CA) and FlowJo analysis to generate quantitative data.

2.6. Heme quantitation assay

The total cellular heme content was determined using the
QuantiChrom™ 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 5min followed by measuring
the absorbance at 400 nm on a microplate reader [20]. 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.

2.7. Sickling assay

In vitro sickling studies were conducted as previously published by
our group [21]. Briefly, after drug inductions of sickle erythroid pre-
cursors for 48 h, cells were incubated in 2% oxygen overnight and then
fixed with 2% formaldehyde. Erythroid morphology was evaluated
microscopically and the number of sickled cells per high power field
manually counted for 1000 cells, per triplicates per condition.

2.8. Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed as previously published by our group
[22] with immunoprecipitations for AcH3, AcH4 and TBP antibodies
(Santa Cruz Biotechnology) and rabbit IgG as a control. Primers used to
quantify in vivo chromatin modifications are as follows: locus control
region DNase I hypersensitive site 2 (LCR-HS2) forward CCTTCTGGC
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TCAAGCACAGC and reverse ATAGGAGTCATCACTCTAGGC, γ-globin
promoter (forward CTGAAACGGTCCCTGGCTA, reverse CTGTGAAAT
GACCCATGGCG), and β-globin promoter (forward TGGAGCCACACCC
TAGGGTTGGC, reverse CTTGTAACCTTGATACCAACCTG).

2.9. β-YAC transgenic mouse treatment protocol

The β-YAC is a transgenic mouse model containing the full-length
81 kb human β-globin gene locus including the LCR and surrounding
region. The five functional human globin genes 5′-ε-Gγ-Aγ-δ-β-3′ are
present and undergo normal developmental regulation with the γ-
globin gene silenced shortly after birth [23]. β-YAC mice (5–6months
old) were administered AN-233 suspended in water (200 or 300mg/kg)
5 days/week for 4 weeks by intraperitoneal injection; we treated five
mice per group with 3 males and 2 females. Hydroxyurea (100mg/kg)
was included as a positive control. We collected blood by tail bleed at
week 0, 2 and 4 and analyzed for automated complete blood counts
with differential using a Micros 60 machine (HORIBA Medical/ABX
Diagnostics). The level of F-cells and MFI were performed by flow cy-
tometry as previously published by our group [24]. For reticulocyte
counts, whole blood was stained with acridine orange and flow cyto-
metry performed on an LSR-II flow cytometer (BD Biosciences).

2.10. Statistical analysis

For tissue culture studies, data for at least 3–5 independent ex-
periments performed in triplicate 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, untreated (water), HU and AN-233
treated mice were analyzed by paired t-tests to compare week 0
(baseline) to week 2 and week 4. Data were normalized based on 100 x
[activity (therapeutic)-mean activity (negative control)]/[Activity(po-
sitive control)-mean activity (negative control)]. Finally, changes across
treatment groups were compared using ANOVA with post-hoc Tukey
HSD test for pairwise comparison at week 2 and week 4.

3. Results

3.1. AN-233 induces γ-globin transcription and HbF expression in K562
cells

Studies by Rephaeli and Nudelman demonstrated the prodrug con-
jugate AN-233 undergoes intracellular hydrolysis by esterase enzymes
in K562 cells into two active metabolites BA and ALA [16]. Therefore,
our initial studies were conducted in K562 cells to determine the ability
of AN-233 to induce γ-globin transcription and HbF expression. K562
cells display characteristics of erythroid cells including expression of
the ε, γ and α globin genes [25,26] and these cells are useful for initial
drug screening and discovery of potential HbF inducers [27].

K562 cells were treated with AN-233 for 48 h and globin gene
transcription was analyzed by RT-qPCR. We observed a significantly
increase γ-globin mRNA levels of 1.8-fold and 2.0-fold by AN-233 0.125
and 0.25mM respectively (Fig. 1A) compare to 1.7-fold induction by
HU. Control studies with BA and ALA alone directly added in culture at
0.125mM, increased γ-globin mRNA 3-fold and 1.5 fold respectively.
The next set of studies determined the effects of AN-233 on HbF protein
expression by flow cytometry. Similar to mRNA levels, treatment with
AN-233 (0.125 and 0.25mM) increased the F-cells to a maximum of
19% compared to 10% in EtOH treated controls (Fig. 1B and C). To
substantiate HbF protein levels, we performed Western blot confirming
a dose-dependent 3 to 4-fold increase in HbF (p < 0.05) by AN-233
(Fig. 1D). These levels compare to a 2-fold and 6-fold increase in HbF
by BA and ALA respectively (p < 0.05).

3.2. AN-233 stimulates heme biosynthesis and regulates cellular protein
targets

Since the biosynthesis of heme prosthetic group requires ALA as a
precursor [28,29] and AN-233 is hydrolyzed to BA and ALA, we next
determined whether heme levels are altered after treatments of K562
cells. Using a colorimetric quantitative assay, we observed a 1.5-fold
and 1.8-fold increase (p < 0.05) in intracellular heme after 0.25mM
and 0.5mM AN-233 treatment respectively (Fig. 2A). As would be ex-
pected, ALA (0.5 and 2.0mM) and hemin (75 μM) increased heme le-
vels in control experiments. Cellular heme is known to directly mod-
ulate the activity of Heme-regulated inhibitor (HRI) kinase [30], which
under iron deficient states is activated to mediate eIF2αP (eukaryotic
translation initiation factor 2 α phosphorylation) and inhibition of
protein synthesis [31]. Therefore, we treated K562 cells with AN-233
and measured phosphorylated and total HRI and eIF2αP levels. We
observed a dose-dependent maximal 52% decrease in HRI and 50%
decrease in eIF2αP levels by AN-233 (Fig. 2B and C).

The second active metabolite of AN-233 hydrolysis is BA. We pre-
viously reported HbF induction by BA through p38 MAPK activation
[12,32]. Subsequent, Western blot analysis showed that 0.25mM AN-
233 induced a 1.4-fold increase in phosphorylated p38 MAPK (Fig. 2D).
By contrast, pretreatment with the p38 MAPK inhibitor SB203580
(10 μM) followed by 0.25mM AN-233, decreased F-cell levels by 30%
(Supplemental Fig. S1) suggesting p38 signaling is partially involved in
mechanisms of HbF induction by AN-233.

3.3. AN-233 induces HbF synthesis in sickle erythroid precursors and
inhibits sickling

While K562 cells serve as an initial screening model system for HbF
inducers, we sought to confirm our findings in physiologically relevant
cells. Thus, we generated sickle erythroid precursors from peripheral
blood mononuclear cells of SCD patients using a 2-phase liquid culture
system. After AN-233 (0.125 and 0.25mM) treatment, we observed a
maximal 2-fold increase in F-cells from 16.31% to 32.5% (Fig. 3A and
B). Similarly, HbF measured by MFI increased 1.5-fold, levels com-
parable to HU treated cells (Fig. 3C). Pretreatment with SB203580 re-
duced F-cells and MFI levels at both AN-233 concentrations. To sub-
stantiate these findings in sickle precursors, Western blot confirmed the
ability of 0.25mM AN-233 to increase HbF protein by 2.6-fold
(p < 0.05) without changing HbS expression (Fig. 3D), which was in-
hibited by SB203580 treatment.

While HbF induction is a good indicator of drug efficacy, it is also
desirable to achieve an anti-sickling effect under hypoxic conditions.
Therefore, sickle erythroid precursors were incubated in 2% oxygen
overnight, fixed with formaldehyde and examined by light microscopy.
As shown in Fig. 3E AN-233 reduced the percentage of sickled erythroid
precursors up to 56% (p < 0.05) similar to HU, supporting an anti-
sickling effects of the prodrug. Furthermore, pretreatment with
SB203580 produced higher sickled erythroid progenitor levels. These
findings support the ability of the AN-233 to induce HbF in sickle er-
ythroid cells.

3.4. AN-233 increased histone acetylation in β-globin locus

Previous work from our lab and others, demonstrated the ability of
BA to induce HbF via inhibition of histone deacetylases [33,34].
Therefore, we determined AcH3 and AcH4 levels in nuclear lysates of
sickle erythroid cells after AN-233 treatment, where we observed in-
creased global AcH3 levels (Fig. 4A). We next asked the question
whether histone acetylation levels are enhanced in the β-globin locus as
part of mechanisms of γ-globin gene activation. To answer this ques-
tion, ChIP assay demonstrated that AN-233 mediated a dose-dependent
12-fold and 30-fold enrichment for AcH3 in the γ-globin promoter
compared to IgG control studies (Fig. 4B); likewise, AcH4 levels were
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Fig. 1. AN-233 increased γ-globin transcription and HbF synthesis. K562 cells were treated with AN-233 and ethanol (EtOH) vehicle control for 48 h. Total RNA and
whole cell lysates were isolated for RT-qPCR and Western blot analysis. After treatments, K562 cells were fixed and stained for flow cytometry. All data are shown as
the mean ± SEM (N=5) and *p < 0.05 was considered statistically significant; **p < 0.01. A) Shown in the bar graph is mRNA data generated by RT-qPCR under
the different treatment conditions. B and C) K562 cells were stained with fluorescein isothiocyanate (FITC) conjugated anti-HbF antibody and analyzed by flow
cytometry. Shown are representative histograms of cell populations that stained positive for HbF (F-cells) and quantitiative data in the graph. D) Western blot
analysis determined HbF levels with tubulin as internal loading control. Shown is a representative blot and quantitative data generated by densitometry analysis.

Fig. 2. AN-233 mediates heme biosynthesis and modulates several targets in vitro. K562 cells were induced with the prodrug AN-233 for 48 h and then analyzed for
heme levels and HRI, eIF2α, and p38 MAPK protein levels. All data are shown as the mean ± SEM (N=3 per group) and *p < 0.05 was considered statistically
significant. A) Shown are intracellular heme levels measured using a colorimetric QuantiChrom™ Heme Assay Kit for K562 cells under the different treatment
conditions; heme values were normalized by total protein. B) Western blot analysis of phosphorylated HRI (p-HRI) and total HRI (t-HRI) levels. C) Western blot
analysis of phosphorylated eukaryotic translation initiation factor (eIF2αP) levels. D) Shown is a representative gel and quantitative data for Western blot of p38
MAPK expression after AN-233 treatment.
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increased. Similar effects were observed in the LCR-HS2 region where
AN-233 mediated 12.5-fold and 5-fold increase in AcH3 and AcH4 re-
spectively (Fig. 4C). By contrast, there were no significant changes in
histone acetylation at the β-globin gene promoter (Fig. 4D).

3.5. AN-233 induces HbF expression in β-YAC transgenic mice

While our research group and many others have shown drug-
mediated HbF induction in tissue culture systems, these findings do not

Fig. 3. AN-233 induces HbF without changing HbS levels in sickle erythroid precursors. A second lot of AN-233 dissolved in water vehicle were used to treat primary
sickle erythroid progenitors on day 8 for 48 h and used for the various studies. All data are shown as the mean ± SEM (N=3 per group) and *p < 0.05 was
considered statistically significant. A) Shown is representative histograms from flow cytometry analysis of sickle erythroid precursors stained with FITC-HbF antibody
(See Materials and Methods). B) F-cell levels were determined by flow cytometry and quantitative data generated by FlowJo analysis. C) The level of HbF protein was
quantified by MFI generated by flow cytometry. D) Total protein lysates were isolated and used for Western blot for HbF and HbS protein; β-actin was the loading
control. Shown is a representative blot and the quantitative data generated by densitometry. E) To determine if AN-233 mediates anti-sickling effects, erythroid
precursors were treated with the various drugs and then incubated in 2% oxygen overnight, fixed in 2% formaldehyde and the number of sickle-shaped erythroid
progenitors counted by light microscopy. Shown are images of sickle precursors for different conditions and summary of quantitative data for 1000 cells per triplicate
for N=3 donors.

Fig. 4. AN-233 enhances histone acetyla-
tion in the γ-globin gene promoter. A)
Nuclear protein lysates were isolated from
sickle erythroid precursors and used for
Western blot analysis of acetylated histone
H3 (AcH3) levels (N= 3). Sickle erythroid
progenitors treated under the different
conditions=were used for ChIP assay as
recently published by our group [52].
Shown is AcH3 and AcH4 levels in the (B)
proximal γ-globin gene promoter, (C) locus
control region DNAse I hypersensitivity site
2 (LCR-HS2), and (D) β-globin gene pro-
moter; *p < 0.05 was considered statisti-
cally significant.

A.R. Oseghale, et al. Blood Cells, Molecules and Diseases 79 (2019) 102345

5



always translate in vivo. Therefore, our final preclinical studies eval-
uated the potential of AN-233 to induce HbF using β-YAC transgenic
mice, in which γ-globin to β-globin switching occurs during develop-
ment [23]. We previously demonstrated HbF induction by α-amino
butyric acid in this model [34]. Mice 5–6months old were administered
AN-233 dissolved in water (200mg/kg and 300mg/kg) or HU
(100mg/kg) by intraperitoneal injections, 5 days per week for 4 weeks
with five mice per treatment group; an untreated water control group
was also analyzed (Fig. 5A). At week 0, 2 and 4, mice were weighed and
blood samples collected by tail bleed for automated complete blood
counts and reticulocyte percent, percentage of F-cells and MFI by flow
cytometry. Over 4 weeks of treatment, no drug toxicity occurred and
normal body weights were maintained for all groups (data not shown).
Untreated control mice had no significant change in blood counts over
the 4-week treatment period (Supplemental Table S1), however, HU
decreased total Hb, hematocrit, and white blood cell and platelet
counts. Treatment with AN-233 at both doses produced a mild decrease
in Hb and hematocrit, but the platelet count remained normal. To gain
insights into the effects of AN-233 on erythropoiesis we measured re-
ticulocyte count by acridine orange staining and flow cytometry. As
shown in Fig. 5B, treatment with 300mg/kg AN-233 increased re-
ticulocytes 1.8-fold (p=0.01) at week 4, compared to a 1.9-fold in-
crease for HU (p=0.002) suggesting AN-233 stimulated erythropoi-
esis.

We next analyzed the ability of AN-233 to induce HbF expression in
vivo. As shown in Fig. 5C, the F-cells increased 3.4-fold (from 15.46% to
52.5%) in mice treated with 200mg/kg AN-233, while 300mg/kg in-
creased F-cells 4.5-fold (from 13.5% to 60.6%). The levels of HbF
measured by MFI increased 1.4-fold (from 588 to 824 units) and 1.7-

fold (from 447 to 760 units) respectively at the two AN-233 doses
(Fig. 5D). With five mice per treatment group, we performed ANOVA,
which showed significant difference between untreated (water) control
and all other treatment groups for Hb (p=0.0359), reticulocytes
(p=0.0003), F-cells (p=0.0109) and MFI (p=0.0369) by week 4.
These findings support the ability of AN-233 to induce HbF in vivo in β-
YAC transgenic mice.

4. Discussion

Over the last three decades, numerous pharmacologic agents have
been tested and shown to display HbF inducing properties in vitro, but
few have translated into clinical efficacy. However, HbF induction by
small molecules is an important therapeutic approach for treatment of
the β-hemoglobinopathies and continues to be an intense area of in-
vestigation. Agents such as 5-azacytidine [35], decitabine [36] arginine
butyrate [9,37] and short chain fatty acid derivatives [38,39] were
shown to induce HbF in clinical trials. These drugs act by diverse me-
chanisms including inhibition of DNA methyl transferases and histone
deacetylases, enhanced DNA binding of transcription factors and cell
signaling activation. Recent studies of combined oral treatment with
decitabine and tetrahydrouridine showed HbF induction in a Phase 1
clinical trial [40]. Thus, development of additional safe and effective
oral agents that induce HbF without bone marrow toxicity when com-
bined with HU, offer the potential for improved outcomes in β-he-
moglobinopathies.

We first performed studies using K562 cells to provide in vitro evi-
dence of HbF induction by the novel prodrug conjugate AN-233 com-
posed of BA and ALA. We observed increased γ-globin transcription at

Fig. 5. AN-233 increases HbF expression in β-YAC transgenic mice. A) To assess the in vivo effect of AN-233, 5–6months old β-YAC transgenic mice were treated with
200 or 300mg/kg of AN-233 dissolved in water for 4 weeks by intraperitoneal injections; water (vehicle) and hydroxyurea (HU) treatments were completed as
controls (N=5 per group; 3 males and 2 females). B) 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 and p < 0.05 was considered significant; exact p-values are shown. C) Peripheral blood was stained with FITC-
conjugated anti-HbF antibody and flow cytometry performed to quantify the F-cells by FlowJo data analysis. D) The level of HbF expression was measured by MFI
data generated by flow cytometry analysis.
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the mRNA level and HbF protein synthesis after AN-233 treatment.
While our findings in K562 cell support efficacy, these cells arguably
possess inherent features that make them less likely to recapitulate
findings in erythroid cells [41]. Therefore, we next performed drug
induction studies in human primary sickle erythroid precursors un-
dergoing terminal differentiation to determine the ability of AN-233 to
induce HbF under oxidative stress conditions.

Treatment with AN-233 significantly increased γ-globin mRNA and
HbF levels in sickle erythroid cells. Interestingly, evaluation of changes
in HbS protein revealed that the prodrug did not induce synthesis of
adult globin chains. These effects of AN-233 are clinically desirable
since drugs that either have no effect or decrease HbS levels would
produce an anti-sickling result. Indeed, under hypoxic conditions we
observed a lower number of sickle precursors after AN-233 treatment
confirming an anti-sickling effect similar to that produced by HU.

After intracellular hydrolysis of AN-233 by esterase enzymes, two
active metabolites BA and ALA are released. Therefore, to verify ac-
tivity of these agents, we tested mechanisms of HbF induction through
pathways regulated by both compounds. Butyric acid is a pan-histone
deacetylase inhibitor, which mediates histones acetylation causing
epigenetic changes in chromatin structure allowing accessibility of DNA
binding proteins to activate gene transcription [42]. By ChIP assay, we
confirmed that histone H3 and H4 acetylation levels were increased in
the γ-globin gene promoter and LCR-HS2; by contrast, no significant
change of histone acetylation occurred in the β-globin gene. A second
mechanism by which BA induces HbF expression is through p38 MAPK
phosphorylation to stimulate cell signaling and activation of CREB1 to
achieve γ-globin gene transcription [12,14]. To support this mechanism
of AN-233, we observed γ-globin gene silencing and a decrease in anti-
sickling effects in primary erythroid precursors when the p38 MAPK
inhibitor SB203580 was added.

The second active metabolite of AN-233 hydrolysis is ALA, a known
precursor of heme biosynthesis involving eight enzymes in the mi-
tochondrion and cytoplasm of cells [43]. Among them, δ-aminolevuli-
nate synthase catalyzes the first and rate limiting reaction to produce
ALA. The addition of exogenous ALA accelerates heme production [44]
and enhances globin mRNA translation and Hb synthesis in cell culture
systems [28,45]. To gain insights into heme-related mechanisms of HbF
activation by AN-233, we investigated the HRI/eIF2αP signaling axis,
normally regulated by heme levels in vivo. We observed a significant
increase in heme levels by AN-233 and simultaneous silencing of the
protein kinases HRI and eIF2αP, which normally block global protein
synthesis. Recent studies from Blobel and colleagues [46] showed HRI
depletion markedly increased HbF production and reduced sickling in
human primary erythroid cells. Furthermore, diminished expression of
the major γ-globin repressor BCL11A accounted in part for the effects of
HRI depletion.

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 produc-
tion in primary human erythroid cells [47]. Salubrinal selectively in-
creased 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 [48]. In iron deficient states, HRI
is activated and inhibits synthesis of globin chains and heme biosyn-
thetic enzymes. The HRI-eIF2αP-ATF4 stress signaling pathway is im-
portant 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 β-he-
moglobinopathies.

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 4 weeks with up to 400mg/kg without
toxicity [17]. In fact, hemoglobin levels improved and tissue harvested

4 to 6 h after one oral dose of AN-233 confirmed histone hyper-
acetylation in spleen tissue. We treated β-YAC mice, 5 days per week for
4 weeks, without observing anti-proliferative effects of AN-233 on er-
ythropoiesis. The mild increase in reticulocyte counts and decrease in
hemoglobin suggest mild hemolysis, which requires additional studies.

The β-YAC mouse model has been used to test different agents for
their capacity to induce HbF in vivo. We demonstrated the ability of α-
amino butyric acid to activate γ-globin transcription when combined
with 5-azacytidine [34]. Subsequently, we tested the histone deacety-
lase inhibitor, Scriptaid, which activated γ-globin without affecting β-
globin gene transcription [49]. Others agents analyzed in β-YAC mice
that induce γ-globin include tranylcypromine (LSD1 inhibitor), sodium
dimethyl butyrate (histone deacetylase inhibitor) and benserazide
(DOPA decarboxylase inhibitor) [24,50,51] which support potential in
vivo efficacy. Subsequent human trials with sodium dimethylbutyrate
(HQK-1001) demonstrated HbF induction in 70% of patients with β-
thalassemia, but was less effective in SCD [15,38]. Even though β-YAC
mice undergo hemoglobin switching and serve as an excellent pre-
clinical model for drug screening, limitation of the model included the
lack of anemia and oxidative stress present in SCD and β-thalassemia.
SCD mice or baboons provide additional animal models to test phar-
macological agents for their potential to induce HbF. Therefore, addi-
tional studies in these models will provide evidence for clinical safety
and efficacy.

5. Conclusion

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 benefits as a therapeutic agent. The data
presented support potential development of AN-233 as a candidate drug
for treatment of SCD.
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