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Key Points: 

1. Characterization of a novel class of DNMT1-selective inhibitors, as exemplified by GSK3482364, 

in cellular and in vivo models of erythropoiesis and sickle cell disease 

2. GSK3482364 robustly induces fetal hemoglobin both in vitro and in a transgenic mouse model of 

sickle cell disease 
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Abstract 

 

Pharmacological induction of fetal hemoglobin (HbF) expression is an effective therapeutic strategy for 

the management of beta-hemoglobinopathies such as sickle cell disease. DNA methyltransferase 

(DNMT) inhibitors 5-azacytidine (5-aza) and 5-aza-2B-deoxycytidine (decitabine) have been shown to 

induce fetal hemoglobin expression in both preclinical models and clinical studies, but are not currently 

approved for the management of hemoglobinopathies. We report here the discovery of a novel class of 

orally bioavailable DNMT1-selective inhibitors as exemplified by GSK3482364.  This molecule potently 

inhibits the methyltransferase activity of DNMT1, but not DNMT family members DNMT3A or DNMT3B.  

In contrast with cytidine analog DNMT inhibitors, the DNMT1 inhibitory mechanism of GSK3482364 does 

not require DNA incorporation and is reversible.  In cultured human erythroid progenitor cells (EPCs), 

GSK3482364 decreased overall DNA methylation resulting in de-repression of the gamma globin genes 

HBG1 and HBG2 and increased HbF expression. In a transgenic mouse model of sickle cell disease, orally 

administered GSK3482364 caused significant increases in both HbF levels and in the percentage HbF-

expressing erythrocytes, with good overall tolerability. We conclude that in these preclinical models, 

selective, reversible inhibition of DNMT1 is sufficient for the induction of HbF, and is well-tolerated. We 

anticipate that GSK3482364 will be a useful tool molecule for the further study of selective DNMT1 

inhibition both in vitro and in vivo. 

 

Introduction 

Adult hemoglobin (HbA) is a tetramer composed of two α-globin and two β-globin polypeptide chains 

(α2β2) with four coordinated heme molecules, which is encoded by genes HBA1, HBA2 and HBB. Various 

mutations in the β-globin gene HBB cause the beta-hemoglobinopathies sickle cell disease (SCD) and 

beta-thalassemia, the most common heritable blood disorders in the world. (1) In sickle cell anemia, the 

primary form of SCD, a missense mutation in both alleles of HBB results in an E6V substitution, 

producing sickle hemoglobin (α2βs
2; HbS). In its deoxygenated state, the E6V mutant β-globin proteins in 

the HbS tetramer enable hydrophobic interactions with mutant β-globin proteins in neighboring HbS 

tetramers, resulting in hemoglobin aggregates. These aggregates grow into rods that distort the cell into 

a characteristic sickle shape, increase erythroid cell rigidity, and ultimately result in cell membrane 
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damage and hemolysis. These changes in the sickle erythrocytes produce a cascade of effects that result 

in anemia, impaired blood flow, and painful vaso-occlusive events that ultimately cause tissue ischemia 

and long-term damage. (2) 

During fetal development and until shortly after birth, erythrocytes preferentially express an alternative 

hemoglobin tetramer termed fetal hemoglobin (α2γ2; HbF) that is composed of two α-globin chains 

paired with two γ-globin chains rather than β-globin chains. The genes encoding for γ-globin, HBG1 and 

HBG2, lack the mutation that causes SCD. Consequently, symptoms of SCD first manifest several months 

after birth following the “hemoglobin switch”, the transition from HbF to HbA, or to HbS in the case of 

SCD patients. (3) During the transition from HbF to HbA/HbS, the genes encoding for γ-globin, HBG1 

and HBG2, are repressed by transcriptional complexes that include GATA1, TR2/TR4, MYB, KLF1, 

Sox6, BCL11A, LRF, DNMT1, and HDAC1/2. (4-6) The repressor complexes cause significant 

chromatin remodeling, controlled in part through increased DNA methylation of HBG1 and HBG2 

gene promoters and demethylation of the HBB gene promoter. (7, 8)  Although HbF typically 

decreases to a few percent of total hemoglobin shortly after birth, HbF levels can remain elevated in a 

rare condition called hereditary persistence of fetal hemoglobin (HPFH) in which mutations prevent the 

normal repression of γ-globin. (9) When HPFH co-occurs with the mutations that cause SCD, elevated 

levels of HbF can prevent the aggregation of HbS and protect erythrocytes from sickling, significantly 

ameliorating the disease. (10)  

To date, the most important pharmacological agent for the management of SCD remains the 

ribonucleotide reductase inhibitor hydroxyurea (HU), which benefits patients through increasing HbF 

expression and reducing the incidence of vaso-occlusive crises. Although HU mitigates the clinical 

severity of disease for many SCD patients, there are important limitations to the clinical utility of HU. 

Importantly, there is typically a narrow therapeutic window between the efficacious dose of HU for 

beneficial HbF induction and the maximum tolerated dose typically defined by acceptable 

myelosuppression. As a consequence, there are variable pharmacological responses to HU in many 

patients. (11-13) There is therefore a desire to identify alternative agents that safely and consistently 

induce HbF to therapeutic levels for the treatment of SCD. 

The hypomethylating agent (HMA) 5-azacytidine (5-aza) is a cytidine analog that was first demonstrated 

to induce HbF in an anemic baboon model. (14) It was subsequently confirmed to increase HbF in 

investigational studies of patients with SCD and beta-thalassemia (15-18) as well as in patients with 

myelodysplastic syndrome and acute myeloid leukemia. (19, 20) Low doses of decitabine were also 
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confirmed to increase HbF levels in SCD patients, in some cases exceeding the maximal HbF levels 

observed with HU (18). Decitabine and 5-aza are inhibitors of DNA methyltransferases (DNMTs), 

enzymes that establish and maintain the epigenetic pattern of DNA methylation that functions in 

chromatin condensation and gene silencing. The catalytically active members of the DNMT family are 

DNMT3A, DNMT3B, and DNMT1. DNMT3A and DNMT3B establish the de novo pattern of DNA 

methylation, while DNMT1 is the primary maintenance methyltransferase that propagates the pattern 

of DNA methylation to daughter cells during cell division (21). In cultured human erythroid progenitor 

cells (EPCs) (22-24) and in vivo models with monkeys (25, 26), treatments with either decitabine or 5-aza 

decreased methylation of multiple CpG sites in the promoters of HBG1 and HBG2, resulting in increased 

gamma globin expression and elevated HbF levels. While they are effective inducers of HbF, the 

decitabine and 5-aza mechanism of action relies on incorporation into DNA, and they both carry drug 

label warnings for genotoxicity and cytotoxicity. Decitabine and 5-aza are currently approved only for 

use in myelodysplastic syndromes and acute myeloid leukemia, and they are not currently approved to 

treat beta-hemoglobinopathies. 

In the current work, we describe the identification of a novel class of orally-dosed, reversible DNMT1-

selective inhibitors, exemplified by GSK3482364. This molecule caused decreased DNA methylation in 

cultured human EPCs, resulting in increased gamma-globin gene expression and increased HbF. In a 

murine model of SCD, orally dosed GSK3482364 decreased DNA methylation in bone marrow, and 

increased HbF expression in erythrocytes.  Notably, although GSK3482364 and decitabine were 

comparable in their maximal effects on DNA methylation in cells, GSK3482364 treatment resulted in 

lower cytotoxicity in cultured cells as well as improved in vivo tolerability in preclinical models. These 

results indicate that selective, reversible inhibition of DNMT1 is sufficient for the induction of HbF, is 

well-tolerated in vivo, and that neither irreversible DNMT1 inhibition nor inhibition of DNMT3A or 

DNMT3B is required for this effect.  

Methods 

Erythroid Progenitor Cell Culture 

Cryopreserved human bone marrow CD34+ cells (AllCells) were confirmed to be sourced ethically, and 

their research use was in accord with the terms of the informed consents under an IRB/EC approved 

protocol . Cells were cultured according to previously described methods (23) for seven days to generate 

EPCs. For compound treatment studies, cell culture plates were typically incubated for 3-5 days unless 

otherwise indicated. To investigate potential drug effects on erythroid maturation to reticulocytes, 
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CD34+ cells were cultured for 19 days in a three stage protocol that models maturation into reticulocytes 

with continuous compound treatment. Details for cell culture and methods for cellular assays can be 

found in the Supplemental Methods. 

  

Methylation-Sensitive Restriction Endonuclease Assays. 

Genomic DNA was extracted from EPCs or bone marrow using Zymo Quick-gDNA kits (Zymo Research). 

Total DNA was measured on a NanoDrop (ThermoFisher), diluted, and split into tubes containing 

reaction buffer +/- methylation-sensitive HpaII (New England Biolabs) for a one hour reaction. Reaction 

products were then quantitated in a 50 µL SYBR Green qPCR reaction (Applied Biosystems). -53 base 

pair: Primer 1: 5B-GAACTGCTGAAGGGTGCT-3B, Primer 2: 5B-GACAAGGCAAACTTGACCAATAG-3B.  

In vivo Studies 

All studies were conducted in accordance with the GSK Policy on the Care, Welfare and Treatment of 

Laboratory Animals and were reviewed by the Institutional Animal Care and Use Committee either at 

GSK or by the ethical review process at the institution where the work was performed. Male and female 

human hemoglobin transgenic mice [B6;129-HBAtm1(HBA)Tow/ HBBtm2(HBG1,HBB*)Tow/J Mice] 

(Jackson Laboratories) were 6-8 weeks of age and grouped into approximately gender balanced groups 

of 5-6 mice. Unless otherwise noted, mice were administered vehicle (10% DMA/90% PEG400) or 

GSK3482364 twice daily (b.i.d.) by oral gavage on weekdays with no doses on the intervening two-day 

weekend, typically for a 12 days study. Alternatively, mice were administered vehicle (PBS) or decitabine 

thrice weekly (Monday, Wednesday, Friday) subcutaneously (s.c.) for a total of 6 doses. At the end of 

the dosing period, blood was collected into EDTA tubes for analysis, and HbF was analyzed as detailed 

below. For bone marrow analysis, femurs from mice were flushed with DPBS, cells were centrifuged 

briefly to pellet, and cell pellets were processed for DNA methylation analysis (as above) or for RNA 

analysis (detailed in Supplemental Methods). For bone marrow histology assessment, sternums from 

treated animals were formalin-fixed, paraffin embedded, sectioned and stained with hematoxylin and 

eosin. Complete blood counts were conducted with an Advia Hematology Analyzer (Siemens).  

HbF Analysis by HPLC or Flow Cytometry 

Percentage HbF was determined by HPLC using the D-10 Hemoglobin Analyzer (Bio-Rad). Percentage F-

cells was determined by flow cytometry with a FACSCanto I (BD BioSciences) using a mouse monoclonal 

anti-human HbF antibody conjugated to APC (Life Technologies). For analysis of human cell cultures, the 
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nuclear stain Syto16 (Life Technologies) was used to distinguish EPCs (Syto16high) from enucleated 

reticulocytes (Syto16low). For analysis of mouse whole blood samples, Syto16 was used to distinguish 

mature RBCs (Syto16negative) from reticulocytes (Syto16low). Flow cytometry data were analyzed with 

FlowJo v7 software (Tree Star). One-way ANOVA of data was employed to determine significance of 

changes relative to vehicle treated samples (Graphpad Prism v7).    

 

Results 

A high-throughput screen was conducted to identify novel biochemical inhibitors of DNMT1 

methyltransferase activity. Briefly, approximately 1.8 million compounds were assayed in a scintillation 

proximity assay measuring the transfer of a radioactive methyl group by recombinant DNMT1 to a hemi-

methylated 40-mer DNA substrate. (Stowell, A. et al. manuscript in preparation; Pappalardi, M. et al. 

manuscript submitted)Screening hits were further profiled to eliminate compounds that were also 

inhibitors of DNMT3A or DNMT3B or that were non-specific DNA binders. From this screen and a 

subsequent medicinal chemistry campaign that employed non-radioactive break-light format 

methyltransferase assays (27) (Supplementary Methods), a class of potent biochemical inhibitors of 

DNMT1 that does not inhibit either DNMT3A or DNMT3B was identified, as exemplified by GSK3482364 

(28) (Figure 1A and 1B). GSK3482364 was confirmed to be a reversible inhibitor of DNMT1 using a jump 

dilution protocol in which a preincubated complex of DNMT1 and compound was rapidly diluted 100-

fold with the addition of substrates, and recovery of DNMT1 activity was established. (Pappalardi, M. et 

al., 27) Since the mechanism of action of decitabine and 5-aza requires incorporation into DNA before 

covalently trapping the DNMT proteins (29,30), these compounds do not show inhibition of DNMT1 in 

this biochemical assay.  

  

In cultured EPCs, GSK3482364 treatment produced dose-dependent DNA hypomethylation. Bone 

marrow derived CD34
+ cells were expanded and differentiated over seven days into EPCs, previously 

characterized as expressing high CD71 and increasing CD235. (23) Day seven EPCs were treated with a 

dose range of GSK3482364 for five additional days, after which DNA was harvested. Compound effects 

on EPC DNA methylation were measured by enzymatically digesting DNA into nucleosides and 

measuring the ratio of methylcytosine to total cytosine by mass spectrometry. GSK3482364 treatment 

reduced 5-methylcytosine levels in a dose-dependent manner with an IC50 of 0.24 µM (Figure 1C). An 

additional orthogonal assay was also developed to measure the level of methylation on specific 
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cytosines located at positions -53 bp relative to transcription start sites of both HBG1 and HBG2. As has 

been previously reported, these are among a number of highly methylated cytosines in the promoters of 

HBG1 and HBG2 that become hypomethylated in response to DNMT1 gene silencing in EPCs (31,38). We 

have confirmed the hypomethylation of a number of the same methylcytosines in response to DNMT1 

inhibition by bisulfite sequencing, including the -53 bp methylcytosine for HBG1 (Supplementary Figure 

1). Consistent with the findings in the global methylcytosine assay, methylation of the -53 bp HBG1/ 

HBG2 cytosine residues was decreased for cells treated with GSK3482364 with an IC50 of 0.33 µM (Figure 

1C). 

To determine the effect of decreased HBG1 and HBG2 promoter methylation on gene expression, mRNA 

from treated cells was measured by RT-qPCR with an assay that detects both HBG1 and HBG2 mRNA 

(99% genetic identity). After five days of treatment, GSK3482364 caused a dose-dependent increase in 

HBG1/HBG2, raising levels 5.3-fold compared to vehicle treated cells (Figure 1C). Increases in globin 

gene expression correlated inversely with DNA methylation levels; at the cellular IC50 of the -53 bp 

methylcytosine assay, 0.33 µM GSK3482364 treatment caused more than a two-fold increase in 

HBG1/HBG2 mRNA. 

To further characterize the effect of GSK3482364 on cultured EPCs, HbF protein expression was 

measured by ELISA. Day seven EPCs cultured in the presence of GSK3482364 for five days increased HbF 

two-fold at 0.56 µM, and up to a maximum of 300% of vehicle-treated levels (Figure 2A). In comparison, 

decitabine treatment increased HbF two-fold at 0.04 µM, and up to a maximum of 250% of vehicle. 

Notably, decitabine treatment reproducibly generated a bell-shaped curve response in the ELISA assay, 

consistent with cytotoxicity at high concentrations which was confirmed in parallel cell growth assays 

(Figure 2B). At high concentrations representing 25x the concentrations that increased HbF two-fold, 

GSK3482364 and decitabine caused, respectively, 58% and 90% cell growth inhibition of EPCs over five 

days of cell culture. 

To better characterize the relative acute cytotoxicity of GSK3482364 and decitabine, caspase 3/7 activity 

was measured in EPCs treated with compounds for three days. GSK3482364 and decitabine increased 

cleavage of a caspase 3/7 substrate by 1.5-fold and 16.5-fold, respectively (Figure 2C) at the highest test 

concentration of 10 µM. Comparing at equivalent relative potencies 18-fold above the concentration 

that causes 2-fold HbF induction, GSK3482364 (10 µM) and decitabine (0.7 µM) increased caspase 

activity by 50% and 120%, respectively. In agreement with the cell growth assays, these data indicate 

potentially differentiated cytotoxicity between the two compounds. 
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It has previously been observed that treatment with cytidine analog HMAs including 5-aza, decitabine, 

and zebularine cause destabilization of DNMT1 and to a lesser extent DNMT3A and DNMT3B, through a 

ubiquitin-dependent mechanism. (32-36) There is a debate whether the effects of the cytidine analog 

HMAs on DNMT3A and DNMT3B protein levels are due to direct inhibition and DNA adduct formation, 

or are instead an indirect outcome of DNMT1 inhibition. However, evidence that zebularine-

incorporated oligonucleotides can trap and biochemically inhibit DNMT1, DNMT3A, and DNMT3B (37, 

38) suggests that cytidine analog HMAs may not be DNMT1-selective. In our study of EPCs treated for 24 

hours with decitabine, both DNMT1 and to a lesser extent DNMT3A levels were shown to decrease 

while DNMT3B was largely unaffected (Supplementary Figure 2). Treatment with GSK3482364 also 

caused a decrease in DNMT1 protein, although less than decitabine, and had no effect on either 

DNMT3A or DNMT3B levels. The mechanism by which GSK3482364 causes DNMT1 protein levels to 

decrease remains a matter of investigation. 

In order to characterize longer treatment effects of GSK3482364 on cellular expansion and 

differentiation, bone marrow CD34+ cells were expanded and differentiated in a three-phase erythroid 

cell differentiation protocol (39) over 18 days in the presence of GSK3482364, decitabine, or vehicle. 

Fresh compound or vehicle were added at each stage of media exchange. On day 18, cells were stained 

with Syto16 to label nucleic acids and to distinguish mature enucleated reticulocytes from less mature 

erythroblasts. Cells were also stained with an anti-HbF antibody and analyzed by flow cytometry. On day 

18, it was found that 31% of the vehicle-treated cells had matured into enucleated reticulocytes 

(Syto16low), distinguishable from the less mature erythroblasts (Syto16high). Consistent with HbF ELISA 

results, GSK3482364 treatment (1.0 µM) for 18 days caused a >4-fold increase in HbF-positive cells 

compared to vehicle (Figure 3). Moreover, the resulting fraction of cells maturing into reticulocytes was 

comparable to or slightly higher than vehicle treatment, indicating that treated cells were not arrested 

earlier in erythropoiesis. Decitabine (0.1 µM) treatment caused a similar increase in HbF-positive cells as 

GSK3482364 (1 μM) when compared to vehicle, but also caused a marked decrease in the proportion of 

cells maturing into reticulocytes, reflecting delayed or arrested cellular maturation at this concentration. 

To measure the in vivo HbF induction activity of GSK3482364, the Townes mouse model of SCD (40) was 

employed in which mouse α and β globin genes were replaced with human genes HBA1, HBG1, and HBB 

including the E6V sickle mutation. Mice in this model express HbF during fetal development, repress HbF 

shortly after birth, and experience cell sickling and multiple organ pathologies analogous to sickle cell 

disease. GSK3482364 was administered orally (p.o.) to 6-8 week old mice twice daily at 10 or 50 mg/kg 
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for 12 days (weekday dosing only). At the end of dosing, HbF levels were measured in whole blood by an 

HPLC method, and F-cells were measured by flow cytometry. Compared with vehicle treated animals, 

both dose levels of GSK3482364 caused significant increases in both HbF and F-cells (Figure 4).  At the 50 

mg/kg dose, HbF increased 10.3-fold and F-cells increased 8.4-fold relative to vehicle treatment. 

 

In a subsequent study of murine SCD model mice treated with GSK3482364, blood was analyzed for HbF, 

and femoral bone marrow was harvested on day 12 to measure changes in DNA methylation and RNA 

expression. Treatment with GSK3482364 caused dose-dependent increases in HbF protein in whole 

blood by up to nine-fold versus vehicle treatment (Figure 5A). No further increase in HbF was observed 

between 33.3 mg/kg and 100 mg/kg doses, suggesting a plateau of activity that is consistent with a 

plateau of the exposure of GSK3482364 (data not shown). In bone marrow samples, globin gene 

expression and HBG1 promoter methylation were evaluated. To assess effects on DNA methylation, the 

-53 bp HBG1 methylation-sensitive restriction endonuclease assay was employed. Bone marrow from 

treated animals showed a dose-dependent decrease in methylation at this site by 25% compared to 

vehicle-treated animals (Figure 5A). In the same samples, HBG1 mRNA levels increased in all dose 

groups by up to 29-fold (Figure 5B). In contrast, HBB and HBA1 mRNA levels were not significantly 

changed in dose groups compared to baseline; this is consistent with the low baseline promoter 

methylation of these highly expressed genes. 

In a parallel study, transgenic mice were dosed subcutaneously with decitabine at doses of 0.2, 0.4, or 

0.8 mg/kg thrice weekly for a total of six doses and terminated after the final dose on day 12. In previous 

studies, lower doses of decitabine administered daily resulted in no significant HbF induction in a two 

week timeframe, while higher doses administered daily or every other day were not tolerated. 

(Supplemental Table 1). In the current decitabine study, mean HbF levels were increased by up to two-

fold at the 0.4 mg/kg dose, and by up to 4.4-fold at 0.8 mg/kg (Figure 5A). However, 0.8 mg/kg was not 

tolerated based on the death of 2 of 6 animals. Bone marrow samples from surviving decitabine-treated 

animals exhibited decreased -53 bp DNA methylation by 4%, 9%, and 13% respectively in the 0.2, 0.4, 

and 0.8 mg/kg dose groups (Figure 5A). 

As further characterization of the effects of dosing with GSK3482364 in the SCD mouse model, complete 

blood counts were taken at all doses. Compared to vehicle-treated animals, GSK3482364-treated SCD 

mice had no remarkable changes in peripheral blood cell counts or red cell indices (Table 1). Consistent 

with peripheral blood cell counts, histopathology of sternal bone marrow from the high dose group of 
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animals treated with GSK3482364 (100 mg/kg) demonstrated no overt abnormalities in marrow 

cellularity or hematopoietic cell composition (6 of 6 mice; Figure 6). Notably, in the comparable 12 day 

study, dose levels of decitabine that caused HbF induction (≥ 0.2 mg/kg ) also caused dose-dependent 

decreases in multiple blood cell counts (Supplemental Table 2), indicating that these dose regimens 

were all cytotoxic to some extent in the SCD mice. While lower doses of decitabine (1-2 mg/kg) 

administered either daily or every other day were poorly effective at inducing HbF in our previous 12 

day studies (Supplemental Table 1), we acknowledge that alternative non-cytotoxic dose regimens or 

longer study durations might better optimize the efficacy and tolerability of decitabine in these mice. 

In order to further assess the effect of GSK3482364 on alternative dose schedules, SCD mice were dosed 

as previously described or on a reduced frequency schedule (b.i.d for 3 weekdays). Induction of HbF was 

observed to be approximately equivalent for mice dosed on both schedules (Supplemental Figure 3A). 

Since both dose regimens were equally efficacious, we next tested the effect of dosing GSK3482364 on 

the reduced frequency schedule for either two or four weeks to determine the effect of longer dose 

duration on efficacy and tolerability. Both two and four week dosing regimens were well-tolerated with 

no effects on body weight compared to control mice, and all mice exhibited significant gain in fetal 

hemoglobin (Supplemental Figure 3B). Following four weeks of dosing, there was a small increase in 

%HbF induction compared to animals dosed for only two weeks, but this increase was not found to be 

significant. As with previous studies, peripheral blood cell counts measured after four weeks indicated 

no remarkable differences from vehicle treated animals in any parameters. These results demonstrate 

that GSK3482364 can robustly induce HbF in vivo with intermittent dosing, and that it is well-tolerated 

for up to four weeks without causing evidence of myelosuppression in mice. 

 

Discussion 

As potential agents for the management of SCD, the DNMT inhibitors 5-aza and decitabine have 

demonstrated significant induction of HbF levels in preclinical and clinical studies. (14, 18, 23, 41-45) The 

robust HbF induction caused by these compounds is explained both by the high proliferative index of 

bone marrow progenitor cells and by transitional changes in DNA methylation that they undergo during 

erythropoiesis. Changes in DNA methylation occur during key determining events in hematopoiesis. (46) 

During erythropoiesis a rapid decrease in global DNA methylation marks a commitment toward 

erythropoietin dependence and the expression of erythroid specific master regulators GATA1 and KLF1. 

(8, 47) As hematopoietic stem cells commit to erythropoiesis, DNMT1 becomes the dominantly 
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expressed DNMT with the primary role of maintaining DNA methylation and regulating globin gene 

transcription. (8, 31, 48) For EPCs in adult bone marrow, key cytosine residues in the promoter region of 

HBG1 and HBG2 become highly methylated while the β-globin HBB gene promoter is largely 

unmethylated, corresponding to the increased expression of β-globin and the repression of γ-globin 

expression. (31, 49) 

Although the known HMAs decitabine and 5-aza have proven to be valuable probes to study the biology 

of DNMT methylation, and partial and complete DNMT1 knockout studies in animals have established a 

critical role for DNMT1 in cellular differentiation and stem cell maintenance, it has not been previously 

possible to study the in vitro and in vivo cellular and hematopoietic effects of reversible and selective 

DNMT1 inhibition. GSK3482364 represents a novel class of DNMT1-selective inhibitors that are 

mechanistically distinct from other HMAs. In cellular studies, GSK3482364 treatment caused DNA 

hypomethylation and HbF induction with maximal effects that were approximately equivalent to 

decitabine treatment. However, at concentrations of GSK3482364 and of decitabine that produced 

equivalent HbF induction, decitabine was observed to consistently cause more cell growth inhibition. In 

an in vitro model of erythropoiesis, expanding and differentiating from CD34+ cells to enucleated 

reticulocytes, GSK3482364 and decitabine caused equivalent increases in HbF-cells, but GSK3482364 

treatment resulted in a larger proportion of cells maturing into HbF expressing reticulocytes. In a 

transgenic mouse model of SCD, the effects of orally-dosed GSK3482364 on bone marrow DNA 

methylation and erythrocyte HbF elevation exceeded the corresponding effects of decitabine at 

tolerated doses over a 12-day period. Examination of complete blood counts and bone marrow 

cellularity from in vivo studies with GSK3482364 suggests that the effects of this compound on DNA 

methylation in the bone marrow were well-tolerated without evidence of other adverse hematological 

effects.  

Chronic intermittent pharmacologic inhibition of DNMT1 does not appear to fully phenocopy the effects 

of permanent DNMT1 deletion. In our mouse studies, the limited impact on bone marrow cellularity or 

blood cell populations appears to indicate that repeat daily doses of GSK3482364 were tolerated by 

hematopoietic stem and progenitor cells. Notably, in our in vivo studies we did not observe the 

significant increase in platelets that has been reported in clinical studies with low dose decitabine and 

that is attributed to effects of hypomethylation in promoting megakaryocyte maturation. (18, 45, 50) 

Since the increase in platelets does not appear to be captured in our mouse model, we cannot currently 

draw any conclusions about potential differentiating effects on platelets for GSK3482364 or related 
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compounds. Future studies in non-human primate models, where multiple fetal hemoglobin inducers 

were initially characterized, are warranted to address this and other questions about the optimal dosing 

regimens for this class of DNMT1 selective inhibitors.  The differential cellular biology and in vivo 

pharmacology observed with GSK3482364 as compared to decitabine suggest that this may be a useful 

tool molecule to study the selective, reversible inhibition of DNMT1 in hematopoiesis and for the 

elevation of HbF in erythrocytes. 
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Table 1. Effects of GSK3482364 (b.i.d.) in vivo on blood cell counts and bone marrow DNA 

methylation. Mean +/- SD are shown. Statistically significant treatment-related differences from vehicle-

treated mice are indicated in bold font. Asterisks indicate significance by 1-way ANOVA. (**: P <0.001) 

Study  1- 

GSK3482364 

RBCs 

(x10
6
/µl) 

Platelets 

(x10
3
/µl) 

Neutrophils 

(x10
3
/µl) 

Lymphocytes 

(x10
3
/µl) 

Monocytes 

(x10
3
/µl) 

% Change  DNA 

Methylation 

Vehicle 7.7 ± 1.0 819 ± 145 3.7 ± 2.1 14.9 ± 3.9 0.7 ± 0.5 0  ± 4.0 

3.7 mg/kg 7.4 ± 0.3 757 ± 150 2.9 ± 2.4 12.6 ± 5.6 0.5 ± 0.2 -2.2  ± 2.7 

11.1 mg/kg 8.1  ± 1.0 854 ± 107 2.4 ± 0.8 10.7 ± 3.3 0.5 ± 0.4 -14.7  ± 5.7** 

33.3 mg/kg 7.0 ± 1.0 733 ± 90 3.2 ± 2.3 9.7 ± 1.8 0.4 ± 0.2 -25.4  ± 8.1** 

100 mg/kg 7.6 ± 1.4 678 ± 210 2.3 ± 1.2 11.0 ± 4.9 0.3 ± 0.3 -23.9  ± 9.5** 
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Figures 

Figure 1. Biochemical and Cellular Inhibition of DNMT1 with GSK3482364. (A) Structure of DNMT1 

inhibitor GSK3482364. (B) Representative data for GSK3482364 activity in biochemical 

methyltransferase assays with DNMT1 (black), DNMT3A (white), or DNMT3B (gray). (C) Effect of 

GSK3482364 on 5-methylcytosine (black), HBG1/HBG2 -53bp methylation (gray), and HBG1/HBG2 mRNA 

(red) in EPCs treated for 5 days. 

Figure 2. Effect of GSK3482364 and decitabine on fetal hemoglobin, cell growth, and caspase 

activation in EPCs. EPCs were treated for five days with GSK3482364 (A) or decitabine (B) and then 

assayed for change in HbF by ELISA (green) or cell growth (blue); data represent the mean +/- SD for 

n=20 assays. Concentrations resulting in 200% HbF and 50% growth inhibition are indicated with light 

blue and red lines, respectively. (C) Caspase-Glo assay measure Caspase3/7 activation in EPCs after three 

days treatment with GSK3482364 (black) or decitabine (red). 

Figure 3. Effects of GSK3482364 and decitabine on HbF levels and reticulocyte differentiation after 18 

days in cell culture. CD34+ bone marrow hematopoietic stem cells were cultured for 18 days in the 

presence of GSK3482364 or decitabine, with 3 phases of media exchange promoting erythroid 

differentiation into reticulocytes. Day 18 cells were stained with Syto16 (nucleic acids) and anti-HbF 

(APC) antibody. EPCs are Syto16high events that retain nuclei, and reticulocytes are Syto16low events that 

lack nuclei. 

Figure 4. Effects of GSK3482364 and decitabine in vivo.  (A) %HbF by HPLC in whole blood of transgenic 

sickle cell mice treated with GSK3682364A for 12 days. Bars represent mean %HbF +/- SD from 4-6 mice.  

(B) Representative histograms from HPLC assay; HbF peaks are indicated with arrowheads. (C) %F-cells 

for blood samples from treated mice were determined by flow cytometry.  (D) Representative flow 

cytometry staining of HbF and nucleic acid content for blood cells. Asterisks indicate significance by 1-

way ANOVA. (*: P <0.01;  **: P <0.001). 

Figure 5. Effects of GSK3482364 and decitabine in vivo.  (A) Bars represent mean %HbF +/- SD, 

measured by HPLC, in whole blood of sickle cell mice treated with GSK3682364A (twice daily, p.o.) or 

decitabine (thrice weekly, s.c.) for 12 days. Red circles represent mean +/- SD of DNA methylation (-53bp 

HBG1 methylcytosine) from bone marrow of 4-6 mice. (B) Bone marrow was further evaluated for HBG1, 

HBA, and HBB mRNA levels by RT-qPCR. In all cases levels are normalized to vehicle-treated control 

levels. Asterisks indicate significance by 1-way ANOVA (*: P <0.01;  **: P <0.001). 
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Figure 6. Effects of GSK3482364 on bone marrow cellularity. Representative histopathology images 

(15x) of sternum bone marrow for mice following 12 days dosing with vehicle or GSK3482364. 

 















Supplemental Information

In vitro and in vivo induction of fetal hemoglobin with a reversible and 

selective DNMT1 inhibitor 

Aidan G. Gilmartin1,*, Arthur Groy1, Elizabeth R. Gore1, Charity Atkins1, Edward R. 

Long III1, Monica N. Montoute1, Zining Wu1, Wendy Halsey1, Dean E. McNulty1, 

Daniela Ennulat1, Lourdes Rueda1, Melissa Pappalardi1, Ryan G. Kruger1, Michael T. 

McCabe1, Ali Raoof2, Roger Butlin2, Alexandra Stowell 2, Mark Cockerill2,3, Ian 

Waddell2,4, Donald Ogilvie2,5, Juan Luengo1,6, Allan Jordan2,7, Andrew B. Benowitz1,* 

1 GlaxoSmithKline, 1250 South Collegeville Road, Collegeville, Pennsylvania, 19426, 
USA.
2 Drug Discovery Unit, Cancer Research UK Manchester Institute, University of 
Manchester, Alderley Park, UK
3 Current affiliation: MediTech Media, Manchester, UK
4 Current affiliation: Charles River Laboratories, Essex, UK 
5 Current affiliation: Framingham Consulting Limited, Manchester, UK
6 Current affiliation: Prelude Therapeutics, Newark, Delaware, USA
7 Current affiliation: Sygnature Discovery Limited, Nottingham, UK

*e-mail: Aidan.G.Gilmartin@gsk.com; Andrew.B.Benowitz@gsk.com

mailto:Aidan.G.Gilmartin@gsk.com


Supplemental Methods:

In vitro   Maturation of CD34+ Cells to Reticulocytes  

CD34+ cells were seeded in T25 flasks in erythroid expansion media: Stemspan 

H3000 (StemCell Technologies) supplemented with 2 mM L-glutamine, 40 μg/mL g/mL 

human low-density lipoproteins (StemCell Technologies), 10 ng/mL recombinant 

human (rh) interleukin IL-3, 100 ng/mL rh stem cell factor (R&D Systems), and 0.5 

U/mL rh erythropoietin (Invitrogen). Expansion media also included either vehicle 

(0.3% DMSO) or compound dissolved in DMSO. After 4 days, cells were centrifuged, 

and media and compounds were replaced. On day 7, cells were collected and plated

in a 24 well dish in phase 2 differentiation media:IMDM containing 1X BIT 

supplement (StemCell Technologies), 3% male AB serum (Invitrogen), 3 U/mL 

heparin (Sagent Pharmaceuticals), 3 U/mL rhEPO (Invitrogen), and 10 ng/mL rhSCF 

(R&D Systems), with vehicle or compound. On day 12, media was again exchanged 

for phase 3 differentiation media: phase 2 media without rhSCF and with 800 µg/mL

holo-transferrin, with vehicle or compound. Cells were incubated for an additional 5 

days, and were then harvested for flow cytometry analysis of HbF+ reticulocytes as 

detailed below.

HbF ELISA

Cryopreserved day 7 EPCs were thawed and cultured with compounds for 5 days 

after which cells were lysed by freezing and thawing in cell lysis buffer (Invitrogen) 

supplemented with 1× protease inhibitors. Lysates were then assayed with an anti-

HbF ELISA, conducted according to previously described methods. (23)

Cell Growth and Apoptosis Assays

EPCs were cultured as above with compounds or vehicle for 3 days for caspase 

assay or 5 days for cell growth assay, after which either Caspase-Glo reagents or 

Cell Titer-Glo (Promega), respectively, were added for 10 min incubation prior to 

reading luminescence on a ViewLux 1430 (Perkin Elmer). 

Global CpG Methylation Assay

Genomic DNA was extracted from cultured EPCs using a genomic DNA isolation kit 

(Zymo Research). DNA was then fully degraded into nucleosides using the Zymo 

degradase plus kit and reaction buffer (Zymo Research). DNA hydrolysis samples 



were injected onto a HILIC ultra-performance liquid chromatography (UPLC) column 

(ACQUITY UPLC BEH Amide Column, 130 Å, 1.7 µm, 2.1 mm X 50 mm, Waters) 

equilibrated in acetonitrile:methanol (90/10, v/v), and eluted with a linear gradient 

of 10 mM ammonium bicarbonate, pH 9). Cytosine and methylcytosine content was 

quantified by selected reaction monitoring mass spectrometry, conducted as 

previously described. (27) 

mRNA Analysis

EPCs or bone marrow cells were pelleted into 1.5 mL microcentrifuge tubes, 

supernatant was removed, and cells were washed with DPBS. Cells were lysed in 

500 µL of Trizol reagent and total RNA was isolated using a Direct-zol mRNA 

isolation kit (Zymo Research). Samples were assessed for total RNA content on a 

Nanodrop (Thermofisher), and 1 µg of total RNA was then converted into cDNA in a 

50 µL reaction using the High Capacity cDNA RT kit + RNase inhibitor (Applied 

Biosystems). Resulting cDNA was applied to TaqMan (Life Technologies) 

quantitative PCR assays for human HBG1, HBA1, HBB, or GAPDH following vendor’s 

protocols in 50 µL reactions. Reactions were run on a ViiA 7 using TaqMan Fast 

reagents standard protocol. 

DNMT Biochemical Methyltransferase Assays

Break light format in vitro methyltransferase assays [33] for DNMTs were conducted

in 384 well format, using black non-binding surface microplates (Corning). A final

concentration of 40 nM human full length DNMT1 (produced internally) was added

to substrate mixture containing final concentrations of 125 nM hemi methylated

oligonucleotide  (synthesized  at  ATD  Bio;  5’-FAM-

ATCTAGCG5ATCAGTTTTCTGATG5G5TAGAT-Dabcyl-3’  where  5  =  methyl

deoxycitidine) and 2 µM ultrapure SAM (Cisbio #62SAHZLD). Negative control wells

included all other reagents but 0 µM SAM.  All reagents were made up in 1× assay

buffer (20 mM Tris pH 6.8, 25 mM NaCl, 0.5mM MgCl2, 0.01% Triton X100 and 1 mM

DTT).  The reaction was incubated at 26 °C for 45 min and then stopped with the

addition of detection reagent.  Detection reagent, made up in 1× Gla assay buffer

(20mM Tris pH 8.0, 80 mM NaCl, 0.75mM MgCl2, 0.01% Triton X100 and 1mM DTT)

has a final concentration of 100 µM SAH (Sigma) and 0.0008 units/µl Gla1 restriction

endonuclease (Sibenzyme #E494).  Following addition of the detection reagent the



plate  was  incubated  in  the  dark  at  room  temperature  for  5  hr.   Fluorescence

intensity was then measured on the PHERAstar FS (BMG Labtech) at Ex 485 nm and

Em 520 nm, with a gain of 400 and an integration time of 100 ms. 

DNMT3A and DNMT3B break light assays were as above with the following 

differences. DNMT3A and DNMT3B (produced internally), were used at final 

concentrations of 600 nM and 300 nM respectively).  Negative control wells for two 

assays included all other reagents but included 200 µM SAH or 40 µM SAH 

respectively. For the DNMT3A, all reagents were made up in 1× assay buffer (20 

mM Tris pH 7.4, 100 mM NaCl, 1.5 mM EDTA, 0.1mM MgCl2, 1mM CHAPS and 1 mM 

DTT) and the reaction was incubated at 37 °C for 90 min. For the DNMT3B assay, all

reagents were made up in 1× assay buffer (20 mM Tris pH 6.8, 75 mM NaCl, 1.5 mM

EDTA, 0.5mM MgCl2, 1mM CHAPS and 1 mM DTT) and the reaction was incubated at 

37 °C for 90 min. Detection reagents were made up in 1× Gla assay buffer as 

above, but with inclusion of 200 µM SAH or 40 µM SAH respectively. 

Bisulfite sequence analysis

Genomic DNA was extracted in duplicate from EPCs cultured for 3 days in the 

presence of compound using the Maxwell 16 Cell DNA Purification Kit on the 

Promega Maxwell 16 (Promega). Isolated DNA was then bisulfite converted using a 

Zymo EZ DNA Methylation Kit (Zymo Research). Primer sets for bisulfite treated 

regions were designed from HBG1 and HBG2 sequence using ABI’s Methyl Primer 

Express Software (ThermoFisher). Analyzed regions included nine previously 

described sites of DNMT1-dependent DNA methylation [37]. The PCR amplicons 

were between 253bp and 295 bp. Multiplex PCR amplification of all samples was 

performed using 48×48 Integrated Fluidic Circuit chips (Fluidigm) as recommended 

by the manufacturer in combination with the Kapa HiFi+ Uracil Polymerase. The 

resulting amplicons were harvested and barcoded according to the Fluidigm 

instrument’s guidelines. After barcoding, samples were purified using Ampure XP 

(Beckman Coulter) and sizing was evaluated using the Agilent High Sensitivity DNA 

kit on the 2100 Bioanalyzer (Agilent). The samples were then normalized using the 

Kapa Illumina Quantification kit (Illumina) and prepared for massively parallel 

sequencing using a MiSeq V3 600 bp Reagent Kit (Illumina) with paired-end 



sequencing (2x 251cycle) according to the manufacturer’s guidelines. An average of

~2.3 million reads were generated per sample. Low-quality nucleotides and adapter

sequences were trimmed during QC. The output data was quality-checked using a 

pre-alignment raw data QC workflow in ArrayStudio v8 (Omicsoft) and assembled to 

reference with variant calling performed using the CLC-Genomics Workbench v8.1 

program (Qiagen).

Am
plic
on

Chr 
(GRc
h37/
hg1
9)

Target
start 
positi
on

Target
end 
positi
on

Target 
Name

primer 
forward

Target 
Name

primer 
reverse

amplic
on size

1 chr1
1

52704
06

52707
06

1_Methylati
on5270556_
HBG1_1f

ACACTGA
CGACATG
GTTCTAC
AGATTTTT
TTGGGAG
ATGTTATA
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1_Methylation
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CTTGGTC
TATTACC
ACTAAAT
CTCAACC
CA
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90

8_Methylati
on5270934_
HBG2_8f

ACACTGA
CGACATG
GTTCTAC
AGAGTAT
TTAGTGA
GGTTAGG
GG

8_Methylation
5270934_HBG
2_8r

TACGGTA
GCAGAGA
CTTGGTC
TTTTTACC
AAACACA
AAATCCT

277

9 chr1
1

52760
60

52763
60

9_Methylati
on5270934_
HBG2_9f

ACACTGA
CGACATG
GTTCTAC
AGGTTGA
TAAAAGA
AGTTTTG
GT

9_Methylation
5270934_HBG
2_9r

TACGGTA
GCAGAGA
CTTGGTC
TCCCCTA
ACCTCAC
TAAATACT
C

295

10 chr1
1

52763
40

52766
40

10_Methylat
ion5276490
_HBG2_10f

ACACTGA
CGACATG
GTTCTAC
ATTGAAA
TTGTTGTT
TTATAGG
ATT

10_Methylatio
n5276490_HB
G2_10r

TACGGTA
GCAGAGA
CTTGGTC
TCCAAAA
CTTCTTTT
ATCAACC

292

11 chr1
1

52770
60

52773
60

11_Methylat
ion5277210
_HBG2_11f

ACACTGA
CGACATG
GTTCTAC
AGATTAT
GAAGTTT
GAAAGGA
TTTT

11_Methylatio
n5277210_HB
G2_11r

TACGGTA
GCAGAGA
CTTGGTC
TCATATTA
ACCACTT
AACATAA
CAAAAA

253

12 chr1
1

52792
36

52795
36

12_Methylat
ion5279386
_HBG2_12f

ACACTGA
CGACATG
GTTCTAC
ATGTGGT
TTAGATTT
TTAGGTT
TT

12_Methylatio
n5279386_HB
G2_12r

TACGGTA
GCAGAGA
CTTGGTC
TAAAAAT
ACATTAC
AACTCCC
ACT
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Western Blot

EPCs were cultured with compounds for 24 hours and then lysed in RIPA buffer 

(Teknova) with phosphatase and protease inhibitors (Roche). Lysates were briefly 

sonicated on ice, and then clarified by centrifugation at 20,000 RCF for 10 minutes. 

After determination of protein concentration, equal amounts of total protein were 

prepared in loading buffer (Invitrogen) and loaded on Tris Acetate gels (Invitrogen). 

Gels were run at 150V and then transferred to nitrocellulose membranes (iBlot 

System, Thermofisher). Resulting membranes were blocked for 2 hours with 

blocking buffer (Odyssey), and then probed with primary antibodies in a 1:1 mix of 

blocking buffer and PBS + 0.1% TWEEN 20 at 4°C overnight. Antibodies used were 



DNMT1, DNMT3A, and Vinculin (Cell Signaling Technologies) and DNMT3B (Sigma). 

Primary antibody mix was removed, membranes were washed repeatedly with PBS 

+ 0.1% TWEEN 20, and membranes were probed with Odyssey secondary 

antibodies for 2 hours at room temperature. Blots were again washed repeatedly 

and were then scanned using Licor IR scanner. Band densitometries were analyzed 

with Odyssey v2.1.



Supplemental Table 1. Effects of alternative decitabine dose regimens in 

SCD mouse model. Results are for 4 studies and reflect mean values for each 

dose group of %F-cells (flow cytometry) or %HbF (HPLC) in whole blood.  

Study Dose
(mg/kg)

Frequenc
y

%F-cell
Fold-

Change 
(FC)

%HbF
Fold-

Change 
(HPLC)

1 0.1 QD M-F 1.3 nd

1 0.3 QD M-F 2.5* nd

1 0.9 QD M-F nd † nd

2 0.3 QD M-F 5.9† 2.9†

3 0.3 QD M,W,F nd 2.0

4 0.2 QD M,W,F nd 1.1

4 0.4 QD M,W,F nd 2.0*

4 0.8 QD M,W,F nd 4.8†

nd: not done * :  P <0.01

most effective 
tolerated dose

† : not tolerated (≥ 33% 
mortality)

Supplemental Table 2. Effects of decitabine (M,W,F ) in vivo on peripheral 

blood. Mean +/- SD are shown. Statistically significant treatment-related 

differences from vehicle-treated mice are indicated in bold font. Asterisks indicate 

significance by 1-way ANOVA. (*: P <0.01;  **: P <0.001)

Study  2-

Decitabin
e

RBCs

(x106/µl)

Platelets

(x103/µl)

Neutrophi
ls

(x103/µl)

Lymphocy
tes

(x103/µl)

Monocyte
s

(x103/µl)

% Change
DNA

Methylati
on

Vehicle 7.7 ± 0.7 673 ± 88 3.8 ± 1.2 12.4 ± 6.2 0.7 ± 0.4 0 ± 4.8

0.2 mg/kg
5.9 ± 0.5

**
657 ± 122

2.1 ± 0.4
*

8.1 ± 1.0
0.2 ± 0.2

*
-4.3 ± 6.5

0.4 mg/kg 4.8 ± 0.9 553 ± 57 0.8 ± 0.2 5.8 ± 1.7 0.2 ± 0.1 -9.3 ± 11.3



** ** * *

0.8 mg/kg
1.7 ± 0.3

**
427 ± 61 *

0.09 ±
0.06 **

2.5 ± 1.1
**

0.0 ± 0.0
*

-13.2 ±
6.0

Supplemental Figure 1. Effect of DNMT1 inhibitor on methylcytosines 

around HBG1 and HBG2 by bisulfite sequencing. Depicts the bisulfite 

sequencing results for EPCs treated for 3 days with 10 µM GSK3484862 (an active 

diastereomer of GSK3482364). Sites of methylation are labeled as positions relative 

to respective start sites for HBG1 and HBG2. 

1



Supplemental Figure 2. Effect of GSK3482364 or decitabine on DNMT 

protein levels. (A) Immunoblots of EPCs treated for 24 hours with GSK3482364 or 

decitabine. Vinculin is included as a high MW loading control. (B) Densitometry of 

bands with Odyssey software, corrected for vinculin band signal as loading control. 



Supplemental Figure 3. Effects of GSK3482364 in vivo on reduced 
frequency dose schedule and longer duration dosing. (A) %HbF by HPLC in 
whole blood of transgenic sickle cell mice treated with GSK3682364A for 11days, 
dosed orally, b.i.d. for either 3 (black) or 5 (gray) weekdays per week. (B) %HbF of 
transgenic sickle cell mice treated with GSK3682364A for 2 weeks or 4 weeks, 
dosed orally, b.i.d. for 3 weekdays per week. Bars represent mean %HbF +/- SD 
from 5-6 mice.  (**: P <0.001).


